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un  model  animal  de  la  malaltia  d'Alzheimer”  que  presenta  Diana  Ribes  Fortanet  per  a 
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7     Efectes neuroconductuals de l’alumini en ratolins Tg2576     
1.1 Alumini 
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 L’alumini  s’utilitza  en  àmbits  tant 
variats com: la construcció, els transports, 
la  mecànica,  l’elèctric,  el  sector 
agroalimentari,  la  farmàcia,  la  cirurgia,  la 
cosmètica  i en el  tractament de  les aigües 
d’alimentació (Figura 2). Segons les dades 
de l'European Aluminium Association (EAA, 
2006),  a  l’any  2006  en  Europa  es  va 
consumir  al  voltant  de  7,9  milions  de 












  S’han  descrit  i  desenvolupat  nombrosos  mètodes  de  determinació  d’Al  en  matrius 
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el  compost  o  l'espècie  química  en  què  es  troba,  de  la  composició  de  la  dieta  i  de  l'estat 
nutricional del subjecte. 
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Tot  i  que  les  xifres  poden  variar  segons  els  estudis,  s'estima  que  la  quantitat  d'Al 
ingerida diàriament és entre 2 i 30 mg (JEFCA, 2007; Frisardi i col·ls., 2010) i  l'absorció pot 
variar entre el 0.01 i l'1 % (Moore i col·ls., 2000; Dinman, 2001; OEHHA, 2001). La presència 
de  determinats  compostos  a  la  dieta  com  citrat,  lactat,  ascorbat,  gluconat,  succinat,  tartrat, 
malat i oxalat poden augmentar la seva absorció (Krewski i col·ls., 2007). En canvi, altres com 
el fosfat o el silici s'uneixen a l'Al i en dificulten la seva absorció. L'Al també es troba en alguns 
medicaments  en quantitats  elevades,  l'absorció  en  aquests  casos  és  entre 10  i  100 vegades 
sorbit a través de la dieta (Krewski i col·ls., 2007). superior a l'ab
   
  El principal mecanisme d’absorció  intestinal és  la difusió passiva. L’Al s’uneix a varis 
lligands en la sang i es distribueix a tots els òrgans, acumulant‐se principalment en la melsa, el 
fetge, els ossos i els ronyons i en menor quantitat en el cervell, múscul, cor o pulmó (ATSDR, 
2008).  La  captació  cel·lular  d’Al  pels  òrgans  i  teixits  es  creu  que  és relativament  lenta  i 
probablement  la  majoria  es  produeix  a  partir  de  l’alumini  unit  a  la  transferrina  (Harris  i 
Messori,  2002),  així  mateix  és  probable  que  la  densitat  de  receptors  de  transferrina  en 
diferents òrgans influeixi en la distribució d’alumini (ATSDR, 2008). 
 
  En  animals  exposats  oralment  s’ha  observat  l'acumulació  de  l’alumini  en  el  cervell, 
ossos,  músculs  i  en  ronyons.  L’alumini  també  travessa  la  placenta  i  s'acumula  en  el  fetus. 
ambé s’ha trobat Al a la llet materna (Golub i col·ls., 1996). T
 
  La via  respiratòria  és descrita  com una via minoritària d’exposició  a  l’Al  en població 
general  (Gourier‐Fréry  i  Fréry,  2004).  En  circumstàncies  normals  els  pulmons  estan 
contínuament  rebent  alumini,  principalment  en  forma  de  partícules  de  silicat  i  altres 
compostos  poc  solubles.  Part  de  les  partícules  que  contenen Al  i  que  es  dipositen  al  tracte 
respiratori són retingudes per l’acció mucocil·liar, es barregen amb la saliva i són empassades. 
S’ha suggerit que part de l’Al inhalat ho faria a través del sistema olfactiu i arribaria al cervell 
mitjançant  el  transport  axonal  retrògrad  (Exley,  1996).  S’estima  que,  en  general,  la  fracció 
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  Pel que  fa a  la distribució  de  l’Al  a  l’organisme  (Figura 3),  cal dir que aquest es pot 
unir  i  formar  complexos  amb molècules  de  baix  pes molecular  (àcids  orgànics,  aminoàcids, 
nucleòtids,  fosfats,  i  carbohidrats)  o  d’alt  pes  molecular  (proteïnes,  polinucleòtids,  i 
glicosaminoglicans).  Alguns  d’aquests  complexos  són  estables  i  condicionen  la  possibilitat 
d’eliminar l’Al en determinats teixits (ATSDR, 2008). 
 
  L’Al  travessa  la  barrera  fetoplacèntaria  i  hematoencefàlica  i  mostra  un  tropisme 
preferencial pels ossos. En sèrum, els nivells normals són d’1‐3 μg/l (Liao i col·ls., 2004). De 
tot l’alumini que es troba al cos, aproximadament el 50% es troba a l’esquelet, mentre que als 
pulmons  es  registra  una  quarta  part  d’Al  (ATSDR,  2008).  En  general,  als  pulmons  el  nivell 
















capacitat  del  ronyó  per  elimininar‐lo  està  limitada  per  la  unió  de  l'Al  a  proteïnes 
plasmàtiques. L’excreció biliar de l’Al i l’afectació de les funcions hepàtiques pot contribuir a 
la  toxicitat  de  l’Al  (Krewski  i  col·ls.,  2007).  Rates  crònicament  intoxicades  amb  alumini 
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presenten  alteracions  en  la  secreció  biliar  i  un  increment  de  l’estrès  oxidatiu  en  el  teixit 
hepàtic (Gonzalez i col·ls., 2004; Gonzalez i col·ls., 2007). 
  A  més  a  més,  les  baixes  concentracions  d’Al  trobades  en  la  femta  després  de 
l’administració  intravenosa  d’Al  radioactiu  assenyalen  l’existència  d’un  cicle  enterohepàtic, 
que  consisteix  en  la  continuació  de  la  secreció  biliar  i  la  reabsorció  intestinal  fins  que 
finalment l’excreció renal elimina el metall de l’organisme (Gourier‐Fréry i Fréry, 2004). 
Vies d’exposició           Absorció          Quantitat d’Al absorbit
Aire No ocupacional
(16 × 10-5 a 0,17 mg/d) (16 × 10-5 a 2,8 × 10-3 mg/d)
Aire (tallers) Ocupacional
(2 a 300 mg/d) (2 × 10-3 a 6 mg/d)
Alimentació
(2 a 19 mg/d)
Aigua
(0,24 a 1 mg/d)
Desodorant Cutània                     1,2 × 10-2 mg/d





2 × 10-3 a 0,2 mg/d













del  transport,  la  construcció  i  l’embalatge.  En  menor  mesura  l’Al  és  emprat  en  enginyeria 
  L’exposició  ocupacional  es  defineix  com  aquella  a  la  qual  està  exposat  un/a 
treballador/a  en  l’exercici  de  la  seva  professió  i  és  deguda  a  la  presència  d'agents  físics  o 
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elèctrica  i  mecànica,  equip  d’oficina,  estris  domèstics,  il·luminació,  química  i  productes 
farmacèutics. Per tant,  l'exposició es pot donar al  llarg del cicle de vida del metall tant en el 














  Entenem  per exposició no ocupacional  aquella  que  es  dóna  en  humans  en  la  seva 
vida  quotidiana.  Per  a  la  població  general,  la  principal  via  d’exposició  al  metall  és  l’oral. 
Tanmateix, existeixen altres vies d’exposició que comentarem a continuació. 
 
  L’Al  es  troba  present  a  la  dieta  de  tres  formes:  als  propis  aliments,  als  additius 
alimentaris i als embalatges. Tots els aliments, tant d’origen vegetal com animal, contenen Al. 











un  pH  entre  4  i  8,  la migració  és  ínfima,  però  a  un  pH  inferior  a  2,  l’alumini  és  extret  del 
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material).  La  JEFCA  (Joint  Expert  FAO/WHO Committee  Food Additives)  va  establir  a  l’any 
1988 una dosis  setmanal d’Al  tolerable provisional de 7 mg per Kg de pes corporal. Aquest 
alor continua sent acceptat per l’Organització Mundial de la Salut (OMS). 
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v
 
  L’aportació  d’Al  mitjançant  l’aigua  de  distribució  pública  té  tres  orígens:  presència 
natural  en  les  aigües  (silicoaluminats,  hidròxids,  formes  lliures  o  complexes  minerals  o 
orgàniques),  tractament de  les aigües (sulfat d’Al  i sals d’Al prepolímers),  i el  tractament de 
l’aigua de determinades xarxes d’edificis com a anticorrosiu. 
  
  Cal  destacar  que  la  concentració  d’alumini  en  aigües  naturals  no molt  àcides  (p.  ex. 
stanys, llacs, rierols) generalment és inferior a 0.1 mg/l (ATSDR, 2006). e
  
  Pel que  fa al  tractament d’aigües, estudis  fets als EUA  i  Itàlia mostren que els nivells 
d’alumini  a  l’aigua  potable  després  del  tractament  són  inferiors  a  7.4  μmol/l  (200  μg/l) 
(Driscoll  i Letterman, 1995; Schintu i col·ls., 2000). Ara bé, és important tenir present que a 
l’aigua de consum els nivells d’Al poden ser molt variables ja que aquesta dada depèn del pH 
de  l’aigua,  de  l’addició  de  coadjuvants  de  filtració  i  de  la  tecnologia  utilitzada  per  purificar 






en  la  pols  (Varrica  i  col·ls.,  2000).  Les  activitats  humanes  com  la  mineria  i  l’agricultura 
contribueixen  que  aquesta  pols  sigui  arrossegada  pel  vent.  De  fet,  les  emissions 
antropogèniques  es  produeixen  principalment  a  l’atmosfera,  es  calcula  que  en  un  13% 
(ATSDR, 2008). 
 
  Els  nivells  d’Al  a  l’aire  generalment  varien  de  0.005‐0.18  μg/m3  en  funció  de  la 
ubicació,  les condicions metereològiques i el nivell d’activitat industrial a la zona. Els nivells 
d’alumini en les zones urbanes i industrials poden ser més alts i poden arribar a 0.4‐8 μg/m3. 
Les  dades  disponibles  en  els  països  europeus,  Amèrica  del  Nord  i  Àsia  assenyalen 
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de  sals  i  derivats  solubles  o  insolubles  susceptibles  d’alliberar  l’Al  per  reacció  química.  Els 
desodorants  antitranspirants  són  els  principals  productes  amb  presència  d’Al  que 
reglamentàriament poden arribar a  contenir un 20% de sals solubles d’Al. Altres productes 
cosmètics  amb  un  volum  de  venda més  gran  com  els  tractaments  facials  i  de  cura  del  cos 
contenen sals solubles d’Al. Tanmateix, el seu contingut en sals solubles d’Al és molt inferior 
als dels antitranspirants (el 2% i  l’1%, respectivament). Assajos fets en França per l'Afssaps 
per  avaluar  la  seguretat  d’ingredients  cosmètics  a  l'any  2003  van  estimar  que  l'aplicació 
diària d'antitranspirants a la pell era de 100 mg d’Al. 
 
  Per  altra banda  alguns  components de  l’Al  són afegits  a  fàrmacs que es  venen  sense 
prescripció mèdica. Les dosis diàries que pot  ingerir una persona que pren aquests  fàrmacs 
han estat estimades en: 840‐5000 mg (antiàcids); 130‐730 mg (compostos tamponats) i 830 
mg  (en  antiulcerants)  (Soni  i  col·ls.,  2001;  ATSDR,  2006).  A  més  a  més,  es  troben  nivells 
considerables d’Al en agents antidiarreics (1.450 mg per dosi) (ATSDR, 2006). Altres fàrmacs 




el  40%  de  les  vacunes  (Gourier‐Fréry  i  Fréry,  2004).  Als  EUA  la  FDA  limita  la  quantitat 
d’alumini a 0.85 mg/dosi (ATSDR, 2006). A Europa, segons l'European Aluminium Association, 
la quantitat d’alumini present en les vacunes varia entre 0.3 i 1.5 mg/dosi. Per altra banda, els 
fàrmacs  denominats  antiàcids  i  antiúlcera  pèptica  són  utilitzats  molt  freqüentment.  Els 
consumidors  regulars  d’antiàcids  representen  una  població  exposada  a  quantitats  elevades 
d’alumini. El consum d’antiàcids i compostos tamponats pot contribuir a la ingesta de milers 
de  mg/dia  d’alumini.  En  aquest  sentit,  es  calcula  que  la  quantitat  d’alumini  absorbida  pel 
consum  d’antiàcids  i  de  compostos  tamponats  és  de  3,1  ×  10‐1  i  de  4,3  ×  10‐2  mg/kg  pes 
corporal/dia, respectivament (Krewski i col·ls., 2007). 
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diluir  així  com  a  l’àcid  fixats  per  la  Farmacopea  Europea  és  de  10  μg/l  i  de  100  μg/l, 
respectivament.  En  aquests malalts  l'hidròxid d'Al  s'havia utilitzat  com a quelant de  fosfats 
erò s'està reemplaçant per altres substàncies. 
15     Efectes neuroconductuals de l’alumini en ratolins Tg2576     
p
 
  Dintre  dels  productes  sanitaris  la  nutrició  parenteral  és  una  altra  via  d’exposició  al 
metall. Per a les solucions de nutrició parenteral, la Farmacopea Europea imposa en relació al 
contenidor (ampolla de vidre o envasos de poliolifines, polipropilè o tereftalat de polietilè) un 
límit d’Al extraïble d’1 ppm. Pel que  fa a  la solució,  la principal  font d’Al que  ja no s’utilitza 
actualment, era l’hidrolitzat de caseïna. Segons les avaluacions realitzades per Klein (1995) i 
Allwood  (1999)  en  els  additius  utilitzats  en  les  solucions  d’alimentació  parenteral  l’Al 
oscil·lava  de  8  a  7700  µg/l.  El  grup  de  treball  de  l'European  agency  for  the  evaluation  of 






  Diversos  organismes  nacionals  i  internacionals  han  establert  valors  de  referència 
toxicològics per l’alumini (Taula 2). Els índexs toxicològics creats a partir d’estudis en animals 
o  de  dades  obtingudes  en  humans,  determinen  la  dosi  d’Al  a  la  qual  un  individu  pot  estar 
exposat  sense  registrar‐se  efectes  adversos  (No­Observed­Adverse­Effect  Level,  NOAEL).  Els 
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Oral  Crònica  Fosfur d'Al 0,4 mg/kg/d  Reducció de pes 
FAO/OMS 
(1989) 




































seva biodisponibilitat,  les  formes solubles d’Al (clorur,  fluorur, sulfat  i citrat d’Al) tenen una 
ajor toxicitat que les formes menys solubles com l’hidròxid d’Al. m
 
  En  els  éssers  humans,  hi  ha  poques  dades  sobre  els  efectes  adversos  associats  amb 
l’exposició aguda a Al. Els efectes adversos associats amb la ingesta de grans quantitats d’Al, 
són  trastorns  gastrointestinals,  erupció  cutània,  dolor  muscular,  i  dos  casos  d’ulceració  en 
llavis  i  boca  conseqüència  de  la  contaminació  d’una  xarxa  d’aigua  pel  sulfat  d’Al 
(concentracions  que  oscil·laren  des  de  30  a  620  mg/l)  produït  en  1988  a  Cornouailles  
Gourier‐Fréry i Fréry, 2004). (
 
  Les  intoxicacions  cròniques  són  degudes,  generalment,  a  petites  quantitats  d’una 
substància  tòxica  administrada  durant  molt  de  temps,  amb  una  lenta  acumulació  en 
l’organisme.  En  el  cas  dels  humans  els  estudis  que  han  avaluat  els  efectes  de  l’exposició 
crònica a l’Al han estat realitzats principalment en persones exposades ocupacionalment en el 
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  El  dipòsit  excessiu  d’Al  en  l’esquelet  pot  desencadenar  una  síndrome,  comunament 
anomenada malaltia dels ossos induïda per alumini  (aluminium induced bone disease, AIBD), 
que  en  l’ésser  humà  té  dos  tipus  d’expressió:  l’osteomalàcia  i  la  malaltia  òssia  adinàmica 
(“adynamic  bone  disease”  o  ABD).  Ambdues,  es  caracteritzen  per  una  reducció  de  la 
remodelació  òssia,  però  en  l’osteomalàcia  es  produeix  un  augment  del  volum  d’os  no 
mineralitzat mentre que en la malaltia òssia adinàmica no s’observa aquest augment. Avui en 




  D’altra  banda,  les  cèl·lules  miocàrdiques  poden  acumular  alumini  en  els  lisosomes 









  En relació a  la respiració,  l’exposició a  l’Al produeix sibilàncies, dispnea i danys en  la 
funció  pulmonar  en  els  treballadors  de  les  fundicions  (Radon  i  col·ls.,  1999;  Burge  i  col·ls., 
2000) exposats a la pols d’Al (ATSDR, 2008), i en els soldadors (Hull i Abraham, 2002; Abbate 
i  col·ls.,  2003).  La  fibrosi  pulmonar  és  l’efecte  respiratori  més  freqüent  (Dinman,  2001; 
ATSDR,  2006).  Altres  patologies  s’han  relacionat  amb  l’Al  com  la  pneumoconiosi,  la 
proteinosis alveolar pulmonar, la pneumònia intersticial i els granulomes (ATSDR, 2006), així 
com símptomes de l’asma i d’hiperactivitat bronquial (Gourier‐Fréry i Fréry, 2004). 
UNIVERSITAT ROVIRA I VIRGILI 
EFECTES NEUROCONDUCTUALS DE L'EXPOSICIÓ ORAL A ALUMINI EN UN MODEL ANIMAL DE LA MALALTIA D'ALZHEIMER 
Diana Ribes Fortanet 












  L’Al  és  un  neurotòxic  demostrat,  tant  en  adults  com  durant  el  desenvolupament  en 
humans i animals experimentals (Yumoto i col·ls., 2001). 
 
  En  animals,  l’Al  produeix  canvis  neuroconductuals;  disminució  de  l’activitat  i  la 
coordinació motora,  deteriorament  de  l’aprenentatge,  canvis  histopatològics  en  el  cervell  i 
canvis  bioquímics  com  per  exemple  l’augment  de  radicals  lliures  o  canvis  en  alguns 
neurotransmissors  (Colomina  i  col·ls,  2002;  Garcia  i  col·ls.,  2009).  Aquests  efectes  s’han 
observat  amb  diferents  sals  d’Al,  dosis,  i  diferents  vies  d’administració  intracerebral, 
intraespinal, oral tant en l’aigua potable com en els aliments, fet que apunta que tots els tipus 




  En humans,  l’encefalopatia  va  ser una de  les primeres manifestacions de  toxicitat de 
l’Al  observada  a  l’any  1921  en  un  treballador  de  l’acer  (Spofforth,  1921).  Des  d’aleshores, 
s’han descrit 30 casos al món en treballadors del sector de la metal·lúrgia exposats a Al durant 
molts anys. Tanmateix, no va ser fins la dècada dels 70 quan es va comprovar la seva capacitat 
com  a  neurotòxic  en  pacients  amb  insufienciència  renal  crònica  tractats  a  llarg  termini 
mitjançant  diàlisi  (Alfrey  i  col·ls.,  1972).  Inicialment  anomenada  “Demència  dialítica”, 
l’encefalopatia  induïda per  l’Al  presenta,  en una primera  fase,  trastorns del  llenguatge  amb 
parla lenta, disnòmia i dispràxia. A més a més, pot aparèixer tremolor, mioclònies, problemes 
de  memòria  i  concentració,  problemes  psiquiàtrics  (trastorns  de  personalitat,  depressió, 
paranoia,  al·lucinacions)  i  pèrdua  de  la  consciència,  que  pot  comportar  la  mort.  Aquesta 
patologia es va relacionar amb l’Al contingut en el líquid de la diàlisi juntament amb la ingesta 
d’hidròxid  d’Al  necessari  per  controlar  la  hiperfosfatemia  dels  pacients.  En  aquest  cas  van 
coincidir una mala eliminació de  l’Al degut al problema renal amb un excés d'aportació d’Al 
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(Gourier‐Fréry  i  Fréry,  2004).  Les  concentracions  sèriques  dels  pacients  amb  encefalopatia 
són tres vegades superiors a les trobades en pacients que reben diàlisi però que no pateixen 





va  trobar  una  puntuació  més  baixa  en  el  desenvolupament  mental  mitjançant  l’índex  de 
Bayley, als 18 mesos d’edat. Aquestes solucions contenien 250 μg d’Al per litre (Gourier‐Fréry 










Fréry  i  Fréry,  2004).  Aquestes  substàncies  utilitzades  com  a  quelants  semblen  adients  per 
prevenir  l’aparició  d’encefalopatia  a  l’Al  que  avui  en  dia  només  és  descrita  en  casos  de 
contaminació d’aigua de la diàlisi. 
 
  Alguns  dels  trastorns  observats  en  malalts  sotmesos  a  diàlisi  com  trastorns 
psicomotors,  trastorns  per  dèficit  d’atenció,  coordinació  motora,  memòria  immediata, 
alteracions  visuals  (Gourier‐Fréry  i  Fréry,  2004),  també  s’han  observat  en  treballadors 
exposats  a  l'Al  (Gourier‐Fréry  i  col·ls.,  2003). Així mateix els  treballadors poden manifestar 
alguns signes inespecífics que poden ser identificats amb diverses proves neuropsicològiques 
però  que  passen  desapercebuts  clínicament.  Aquests  es  manifesten  principalment  per 
alteracions  de  l’estat  d’ànim  com és  ara  irritabilitat  i  fatiga,  deteriorament  de  les  habilitats 
motores,  de  l’organització  visual‐espacial  i  de  la  memòria.  Existeix  una  correlació  entre 
aquests trastorns i el nivell d’exposició a l’Al. Els treballs en què s’han trobat són en les feines 
de  soldadura,  fundicions,  (Bast‐Pettersen  i  col·ls.,  2000;  Riihimaki  i  col·ls.,  2000),  fusió 
(Iregren  i  col·ls.,  2001)  i  en  la  fabricació  de  pols  d'Al  per  pintures  (Letzel  i  col·ls.,  2000; 
regren i col·ls., 2001). I
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  b)  alterant  l’alliberació  i  recaptació  a  nivell  presinàptic  d’aminoàcids  excitatoris  i 
  r ‐Mgaltres neurot ansmissors per la interacció amb Na+‐K+‐ATPasa i Ca2+ 2+‐ATPasa;  









l'Al  com per  exemple:  el  parkinsonisme‐demència de  la península de Guam  i Kii,  l'esclerosi 
lateral amiotròfica, la demència parkinsoniana amb degeneració neurofibrilar, la degeneració 
neurofibrilar  adjacent  a  l’harmatoma,  l'encefalopatia  dialítica,  la  síndrome  estriatonigral,  la 
demència alcohòlica amb desmielinització,  les plaques senils de  la malaltia d’Alzheimer  i en 
cervells  de  gent  gran  (Nayak  2002).  De  fet,  la  relació  entre  exposició  a  l'Al  i  la  malaltia 
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Alteració
Permeabilitat barrera    Absorció gastrointestinal     Homeostasi Funcions           Activitat         Metabolisme         Vies enzimàtiques
hematoencefalica en MA calci           mitocondrials plaquetes       energ ètic                                  Kinasa/fosfatasa
Agregació β-amiloide Hiperfosforilació Tau Apoptosi Cicle      Metabolisme      Na+/ K+ Anidrasa MAO B   Dopamina
Krebs glucosa ATPasa carbonica β -hidroxilasa




















de  memòria  com  un  dels  seus  símptomes  més  primerencs  i  pronunciats.  Generalment,  el 
pacient  empitjora  progressivament,  mostrant  problemes  perceptius,  del  llenguatge  i 
emocionals a mesura que la malaltia avança (Berciano, 2006). 
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  El  primer  cas  d'AD  del  qual  es  té  notícia  es  va  produir  a  l’inici  del  s.  XX  quan  el 
psiquiatre  i  anatomopatòleg  Alois  Alzheimer  va  publicar  l’estudi  clínic  i  anatòmic  del  cas 
d’una  dona  de  51  anys  d’edat  que  va  morir  després  d’haver  presentat  durant  4  anys  una 
demència  progressiva  amb  una  greu  desorientació  i  al·lucinacions.  L’estudi  del  cervell  va 
mostrar,  atròfia  i  alteracions  dintre  i  fora  de  les  neurones  en  determinades  zones.  Els 
símptomes  de  la  malaltia  com  una  entitat  nosològica  definida  van  ser  identificats  per  un 




després dels 85 anys,  amb una  incidència de  l'1‐2% en  la població general. Pel que  fa a  les 






  Per  realitzar  el diagnòstic  clínic de  la malaltia  el Diagnostic and Statistical Manual of 
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  La malaltia  es  pot  classificar  segons  el moment  d’aparició: AD d’inici  precoç  quan  el 







  El  desenvolupament  de  l'AD  és  progressiu  i  en  la  seva  evolució  es  poden  identificar 
tres  etapes.  La  primera,  d’aparició  gradual  i  amb  una  durada  aproximada  de  2‐4  anys,  es 
caracteritza per la confusió de noms i llocs, menor habilitat per recordar informació, pèrdua 
d’iniciativa i ansietat. La segona fase està caracteritzada principalment per un augment de la 
















en el  sistema colinèrgic, gran part de  les estratègies  terapèutiques utilitzades augmenten  la 
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Pel  que  fa  a  la  fisiopatologia  de  l'AD,  s’han 
descrit  diverses  alteracions  histopatològiques 
(Figura  5)  entre  les  quals  destaquen  una 
accentuada  atròfia  de  l’escorça  cerebral  amb 
pèrdua  de  neurones  corticals  i  subcorticals;  la 
formació  de  plaques  senils,  consistents  en 
acumulacions  de  proteïna  beta  amiloide 
(amyloid  beta  (Aβ))  amb  degeneracions 




de  la  malaltia  d'Alzheimer.  Les  imatges  de 
l'esquerra  mostren  el  cervell  d'una  persona 
sana  (superior)  i  el  d'una  persona  amb 
malaltia d'Alzheimer (inferior). Les imatges de









Alzheimer  i  presenta  una  edat  d’aparició  anterior  als  65  anys.  És  conseqüència  de  la 
transmissió  autosòmica  dominant  de  mutacions  en  els  cromosomes  1  (presenilina  2),  14 
(presenilina 1) ó 21 (amyloid precursor protein (APP)). Les mutacions en aquests gens estan 




  Ara  bé,  la majoria  dels  casos  d'AD  són  d’aparició  tardana,  és  a  dir,  la  patologia  per 





i  els  nivells  en  plasma.  L’associació  entre  l'APOE  ε4  i  les  malalties  vasculars,  diabetis  i 
demència juntament amb la presència de variables mediambientals augmenta parcialment el 
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tardana  de  l'AD  i  s’ha  associat  amb  canvis  cerebrals,  menys  del  50%  dels  casos  d'AD 
esporàdica són portadors de l’al·lel ε4 de l’APOE (Rocchi i col·ls., 2003). L’absència del mateix 
en  la majoria de  casos de  l'AD esporàdica apunten que  falten per  identificar  factors de  risc 
genètics  i ambientals  (Bendlin  i  col·ls., 2010). Actualment, es continua  investigant  la relació 






de  risc  identificats  com  ara,  la  predisposició  genètica,  l’edat,  i  factors  de  risc  exògens  o 





d’incidència  i  prevalença  a  mesura  que  es  compleixen  anys  (Launer  i  Hofman,  2000a).  En 
general,  l’edat  avançada  (ser  major  de  65‐70  anys)  afavoreix  l’aparició  de  malalties 














UNIVERSITAT ROVIRA I VIRGILI 
EFECTES NEUROCONDUCTUALS DE L'EXPOSICIÓ ORAL A ALUMINI EN UN MODEL ANIMAL DE LA MALALTIA D'ALZHEIMER 
Diana Ribes Fortanet 




                                                                                                 27     Efectes neuroconductuals de l'alumini en ratolins Tg2576 
Tipologia AD  V  ariacions genètiques Risc 
Malaltia d'Alzheimer hereditària  APP (cromosoma 21)   
  P  SN1 (cromosoma 14)  
  PSN2 (cromosoma 1)   
Malaltia d'Alzheimer esporàdica     
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  Cal  destacar  que  la  incidència  de  l'AD  en  dones  és  1.5‐3  vegades  més  gran  que  la 
incidència en homes (Baum, 2005). El risc de l'AD en dones s’incrementa amb la menopausa 
(Gandy i Duff, 2000; Manly i col·ls., 2000), apuntant a la deficiència estrogènica com a factor 
de  risc  per  desenvolupar  AD.  Els  estrògens  redueixen  la  formació  de  β‐amiloide  (Chang  i 
col·ls.,  1997;  Morinaga  i  col·ls.,  2007)  i  protegeixen  in  vitro  envers  els  seus  efectes  tòxics 
(Marin i col·ls., 2003). A més, factors de risc associats a malalties del cor i accidents cerebro 
vasculars,  com  alta  pressió  arterial  i  colesterol  alt,  també  poden  augmentar  el  risc  de 
desenvolupar  l'AD  (Launer  i  col·ls.,  2000b;  Kivipelto  i  col·ls.,  2002;  Schmidt  i  col·ls.,  2002; 
Gustafson  i  col·ls.,  2003; Arvanitakis  i  col·ls.,  2004;  Craft,  2007).  El  risc  de  l'AD  està  també 






  Els  factors  mediambientals  tenen  un  pes  molt  important  en  l'etiopatogènia  de  la 
malaltia,  tenint  en  compte  que  les  formes  familiars  són  les  menys  freqüents  i  els  factors 
genètics  de  risc  que  s’han  trobat  són  pocs.  Existeixen  alguns  factors  protectors  que 
disminueixen  el  risc  de  l'AD  com  la  dieta  saludable  (Scarmeas  i  col·ls.,  2009),  el  consum 
moderat d’alcohol (Peters i col·ls., 2008; Anstey i col·ls., 2009), l’activitat social (Fratiglioni i 
col·ls., 2004; Hakansson  i  col·ls., 2009),  l’educació  (Sando  i  col·ls., 2008) o  l’activitat mental 
(Friedland  i  col·ls.,  2001)  i  l’activitat  física  (Lautenschlager  i  col·ls.,  2008;  Hamer  i  Chida, 
2009).  Altres  factors  mediambientals  estarien  relacionats  de  manera  negativa  amb  l'AD: 
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  Existeixen  diverses  teories  que  intenten  explicar  l’etiologia  de  l'AD.  Aquestes  estan 
relacionades  amb  les  diferents  troballes  realitzades  en  l'aspecte  anatòmic,  cel·lular  i 






El descobriment en algunes  formes  familiars de  l'AD de  formes mutades del gen que 
codifica  la  proteïna  precursora  d’amiloide  ubicat  en  el  cromosoma  21  juntament  amb 
l’observació  prèvia  que  els  malalts  amb  trisomia  del  cromosoma  21  (síndrome  de  Down) 
desenvolupen amb l’edat canvis neuropatològics de l'AD de forma pràcticament invariable, va 
apuntar com a esdeveniment primari en la patogènia d’aquesta malaltia l’acumulació d'Aβ  
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amiloides  en  el  cervell  és  el  factor  primari  que  desencadena  la  patologia.  Les  altres 





van  esbrinar  que  l'Aβ  formava  part  d’una  proteïna  de  major  mida  anomenada  proteïna 
precursora d’amiloide de  la  que  es  deriva mitjançant  proteòlisi.  L’APP és  codificada per un 
gen  localitzat  en  el  cromosoma  21,  format  per  18  exons,  existint  7  isoformes,  que  es 
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  La  proteïna  precursora 
d’amiloide  és  una  proteïna 
transmembranosa  localitzada 
especialment en les prolongacions 
de  les  neurones,  que  existeix  en 
totes  les  espècies  animals  i  que 
apareix  aviat  en  l’evolució. El  seu 
extrem  amino  (‐NH2)  es  situa  en 
la  part  extracel·lular  i  conté  un 
domini amb activitat proteasa i un 
altre  que  fixa  calci.  La  zona 
intramembranosa  conté  el  futur 
amiloide  (Aβ). El  seu  catabolisme 




resistència,  creixement,  i  adaptació  de  les  neurones.  Els  fragments  d'APPs  es metabolitzen 
totalment  i  no  s’acumulen.  Per  via  de  la  β-secretasa  es  produeix  un  pèptid  insoluble,  el  β‐




















  Els mecanismes  de  citotoxicitat  pels  quals  actua  l'Aβ  són,  per  una  banda,  l’activació 
immune  (microglia)  que  es  tradueix  en  inflamació,  alliberació  de  citoquines,  neurotoxicitat 
directa  i  estrès  oxidatiu.  A  més  a  més,  pot  induir  apoptosi  mitjançant  l’enzim  Aβ‐alcohol 
deshidrogenasa,  unint‐se  al  mitocondri.  En  aquest  sentit,  s’han  trobat  alts  nivells  d’aquest 
nzim en pacients amb AD (Pavez i Ramírez, 2007). e
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  Per  l'altra  banda,  l'Aβ  altera  la  microcirculació  mitjançant  la  seva  acumulació  en 
arterioles  i  capil·lars,  i  afecta  els  contactes  sinàptics.  Aquest  últim  mecanisme  de  dany 
cel·lular seria producte de l’acumulació d’oligòmers petits d'Aβ involucrats en la disfunció de 
UNIVERSITAT ROVIRA I VIRGILI 
EFECTES NEUROCONDUCTUALS DE L'EXPOSICIÓ ORAL A ALUMINI EN UN MODEL ANIMAL DE LA MALALTIA D'ALZHEIMER 
Diana Ribes Fortanet 




les  sinapsis  colinèrgiques  i  glutamatèrgiques.  L’excitotoxicitat,  produeix  gran  alliberació  de 
glutamat des de  les  cèl·lules glials, que es  tradueix en  l'activació exagerada de  receptors N‐





  Així doncs, el denominador comú dels efectes  i els  factors de risc genètic  identificats 
fins al moment en  l'AD és que  tots ells alteren per diversos mecanismes, alguns encara per 













  Els  factors mediambientals,  com hem comentat anteriorment,  tenen una  importància 
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apunten  a  l’alumini  en  l’etiologia  de  l'AD  com  és  la  seva  presència  en  les  plaques  senils 
(Beauchemin  i  Kisilevsky,  1998;  Collingwood  i  col·ls.,  2008;  Yumoto  i  col·ls.,  2009)  i  en  els 










subjectes  control.  En  aquest  sentit,  s’han  dut  a  terme  estudis  epidemiològics  en  diferents 
països  (Noruega,  Canadà,  Anglaterra,  Suïssa  i  França)  amb  la  finalitat  d’establir  la  relació 
entre consum d’aigua potable i la malaltia d’Alzheimer. Els resultats són controvertits ja que 
alguns  d’ells  troben  una  relació  positiva  entre  els  dos  factors  (Rondeau  i  col·ls.,  2000; 
Rondeau  i  col·ls.,  2009),  i  d’altres  no  (Martyn  i  col·ls.,  1997;  Gauthier  i  col·ls.,  2000).  És 




  Així mateix,  els  resultats  dels  treballs  experimentals  fets  fins  ara  en  rosegadors  per 
determinar  el  paper  de  l’alumini  en  l’etiologia  de  la malaltia  d’Alzheimer  són  controvertits 
(Krewski i col·ls., 2007). En aquest sentit, cal tenir present que els rosegadors són resistents a 
patir processos neurodegeneratius (Golub i col·ls., 2000; Roig i col·ls., 2006). Per aquest motiu 




  En  la  investigació  de  les malalties  on  es  produeix  una  neurodegeneració  ha  resultat 
fonamental la introducció de diferents models experimentals. Tot i que en micos, gossos i gats 
d’edat  avançada  es  poden  observar  canvis  neuropatològics  com  cabdells  i  plaques  senils 
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semblants als  trobats a  l'AD humana, cap d’ells s’ha utilitzat com un model per a  l’estudi de 
l'AD de forma habitual (Manzano i col·ls., 2009). L’autèntic punt de partida en la investigació 
amb  models  experimentals  procedeix  de  la  introducció  de  models  de  ratolins  transgènics 
(Sarasa,  2006).  La  creació  d’animals  transgènics  suposa  un  gran  avantatge  perquè  permet 
disposar de models murins de baix  cost  i  fàcilment  reproduïbles per  a  la  investigació de  la 
malaltia d’Alzheimer.  Els  animals  transgènics  són  generalment  ratolins,  rates  o  cobais  als 
quals, en  les primeres  fases de  l’embrió,  se’ls  introdueix mitjançant  injecció  intranuclear un 
gen  o  part  d’un  gen  d'una  altra  espècie  juntament  amb  una  seqüència  promotora  de 
l’expressió  d’aquest  gen.  En  el  cas  de  la  malaltia  d’Alzheimer,  s’han  construït  diferents 
transgènics amb mutacions en els gens de l’APP humana, les presenilines, la proteïna tau o de 
la  apolipoproteïna  E  que  reprodueixen  signes  de  l'AD.  A més, mitjançant  creuaments  entre 
animals  transgènics  poden  produir‐se  animals  doblement  transgènics,  per  exemple,  amb 
utacions per l’APP i les presenilines. 




fins  al moment  no  s’ha  pogut  generar  cap model  experimental  de  ratolí  que  reculli  tots  els 
aspectes de l'AD. És precisament aquest fet el que revela les limitacions d’utilitzar un model 
animal  per  reproduir  una  malaltia  humana  que  es  desenvolupa  durant  dècades  i  implica 
alteracions de funcions mentals superiors. Ara bé, existeixen línies de ratolins transgènics que 
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  Dintre dels models de  ratolins  transgènics  generats d'AD un dels més utilitzats és el 
Tg2576. Aquesta línia de ratolins sobreexpressa l’APP i conté la doble mutació KM670/671NL 
present  en  una  família  sueca  afectada  per  la  malaltia.  Aquests  animals  desenvolupen  amb 
l’edat  dèficits  en  l’aprenentatge  i  memòria  associats  a  l’aparició  de  plaques  d’amiloide  en 
àrees  límbiques  i  corticals  clarament  identificables al  voltant de  l’any d’edat  (Hsiao  i  col·ls., 
1996). Aquestes plaques van acompanyades d’una resposta astrocítica  i microglial, així com 






associacions  de  les  característiques  de  l’ambient  que  permeten  a  l’organisme  moure’s  en 
l’espai  (Vicens  i col·ls., 2003), és a dir, consisteix en múltiples mecanismes especialitzats en 
codificar,  emmagatzemar  i  recuperar  informació  sobre  rutes,  configuracions  i  localitzacions 
espacials  (Kessels  i  col·ls.,  2001).  Aquesta  memòria  pot  ser  avaluada  mitjançant  models 







de  diversos  assajos  (Figura  8).  Un  dels  motius  del  seu 
èxit  és  precisament  la  seva  simplicitat,  encara  que  el 
procediment pot ser modificat per avaluar altres tipus de 
memòria  així  com  per  estudiar  les  seves  bases 














del  laberint  aquàtic  han  permès  comprovar  que  el  rendiment  en  la  tasca  depèn  de  les 
UNIVERSITAT ROVIRA I VIRGILI 
EFECTES NEUROCONDUCTUALS DE L'EXPOSICIÓ ORAL A ALUMINI EN UN MODEL ANIMAL DE LA MALALTIA D'ALZHEIMER 
Diana Ribes Fortanet 






al  nedar  (Wenk,  2004).  El  gènere,  l’espècie  o  soca  utilitzada,  així  com  l’estrès,  possibles 
malalties, la desnutrició o l’edat dels animals també poden influir en els resultats (D'Hooge i 
De  Deyn,  2001).  Igualment,  es  poden  trobar  diferències  depenent  de  les  claus  visuals 
emprades,  la  utilització  o  no  d'aigua  opaca,  les mides  de  la  piscina  o  el  protocol  que  es  fa 






de  tasques  espacials:  orientació,  guia,  cartogràfica  i  d’integració  de  la  ruta  (Santin  i  col·ls., 
2000). En l’aprenentatge d’orientació els animals basen la seva cerca en moviments apresos 
durant  l’execució  de  la  tasca;  en  l’aprenentatge  de  guia  aprenen  associacions  entre  els 
estímuls  senyal  i  la  meta.  Aquestes  dues  formes  de  navegació  s’explicarien  mitjançant 
paradigmes  associatius  de  condicionament.  L’aprenentatge  cartogràfic,  en  canvi,  implica  la 
utilització  de  senyals  distals  amb  les  quals  els  animals  formen  una  representació  del  seu 
entorn (mapa cognitiu) mitjançant el que localitzen la meta. Per últim, la integració de la ruta 
consisteix  en  un  procés  d’actualització  de  la  informació  quan  les  pistes  ambientals  no 
n'ofereixen la suficient, mitjançant un sistema intern de referència basat en el lloc de sortida 
abans d’iniciar la navegació, utilitzant principalment pistes cinestèsiques i senyals vestibulars 
(Santin  i  col·ls.,  2000).  Les  diferents  estratègies  s’han  relacionat  amb  diferents  estructures 
cerebrals.  Si  els  animals  utilitzen  una  estratègia  de  tipus  guia,  l’estructura  cerebral 





coeruleus,  nucli  del  rafe  i  accumbens,  fimbria  i  fòrnix,  estriat,  cervell  anterior,  cerebel  i 
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metodològiques  no  van  permetre  provar  aquest  fet.  Al  llarg  dels  anys  60,  Joseph  Altman  i 
col·laboradors (1965) van poder demostrar el naixement de noves cèl·lules en el gir dentat de 
l’hipocamp,  en  la  neoescorça  (Altman  i  Das,  1966)  i  en  el  bulb  olfactori  (Altman,  1969)  en 
cervells de rates adultes utilitzant la tècnica d’autoradiografia. El fonament d’aquesta tècnica 
és marcar amb timidina tritiada (timidina‐3H), cèl·lules que es troben en fase mitòtica (fase S), 
ja  que  la  substitueix  i  s’incorpora  a  l’ADN,  i  es  pot  detectar  mitjançant  autoradiografia. 
Aquests resultats, però, no van ser considerats per la comunitat científica, fins que a la dècada 
dels 90 diversos grups van reforçar  les  investigacions amb les quals es va demostrar que  la 
neurogènesi  persisteix  tant  en  mamífers  superiors  com  en  primats  i  humans  (Eriksson  i 
col·ls.,  1998;  Gould  i  col·ls.,  1999).  Com  afirmen  Ming  i  Song  (2005)  podríem  definir  la 
neurogènesi com: “el procés de generació de neurones funcionals des de cèl·lules mare, que 
inclou  proliferació  i  diferenciació  neuronal  dels  progenitors  neurals  i  la  maduració  i 
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les  cèl·lules  mare  residents  en  la  zona  subventricular 
dels  ventricles  laterals  i  en  la  zona  subgranular  del  gir 
dentat  de  l’hipocamp,  respectivament  (Taupin  i  Gage, 
2002). La neurogènesi hipocampal en cervells adults ha 
estat  demostrada  en  aus  (Barnea  i  Nottebohm,  1994), 





  Les  cèl·lules  precursores  es  troben  agrupades  en  nius  germinatius  formats  de  les 
pròpies  cèl·lules  precursores  (cèl·lules mare  o  progenitores),  astròcits,  cèl·lules  endotelials, 
microglia,  macròfags,  i  la  matriu  extracel·lular  (Kempermann  i  col·ls.,  2006).  Les  cèl·lules 
mare es caracteritzen per la seva capacitat d’autorenovació il·limitada i de ser multipotents, 
és a dir, de diferenciar‐se en almenys dos tipus cel·lulars diferents. En la zona subventricular, 
les  cèl·lules mare  donen  lloc  a  les  progenitores  que migraran mitjançant  la  cadena  rostro‐
migratòria  per  arribar  al  bulb  olfactori  on  es  diferencien  per  formar  interneurones 
inhibitòries  funcionals  de  dos  tipus:  cèl·lules  granulars  i  periglomerulars,  que  estableixen 
contactes  per  modular  el  processament  de  la  informació  sensorial  (Lois  i  Alvarez‐Buylla, 
1994). En el gir dentat,  les cèl·lules mare resideixen en la zona subgranular (ZSG) i originen 
les cèl·lules progenitores. Aquestes maduren localment en la zona granular enviant les seves 






proliferen, un  segon estadi  en el qual  aquestes  sobreviuen  i  es  comencen a diferenciar  i un 
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s’origina en cèl·lules radials de  la glia  (cèl·lules  tipus 
1),  ubicades  en  la  ZSG  (entre  la  capa  de  cèl·lules 
granulars i l’hilus o CA4) que originen cèl·lules glials i 
neurones  en  la  capa  granular  del  gir  dentat  (Arias‐
Carrión i col·ls., 2007). Aquesta regió està àmpliament 
vascularitzada,  fet  que  corrobora  la  relació  espacial 
trobada  entre  els  vasos  sanguinis  i  la  divisió  de 
cèl·lules  precursores  (Palmer  i  col·ls.,  2000). 
Presumiblement  la  major  part  de  cèl·lules  mare 
d’aquest  sistema  són  d’aquest  tipus.  Aquestes  donen  lloc  a  cèl·lules  altament  proliferatives 
(cèl·lules tipus 2) que poden dividir‐se en cèl·lules glials (tipus 2a) i en neuronals (tipus 2b). 
Finalment,  una  posterior  cèl·lula  precursora  (tipus  3)  marca  la  sortida  del  cicle  cel·lular 
(Figura  10).  En  un  interval  postmitòtic  breu,  durant  el  que  les  noves  cèl·lules  expressen 
calretinina  (proteïna  lligadora de  calci),  les  noves  neurones  estenen  els  seus  axons  a  l’àrea 
CA3.  La  maduració  morfològica  troba  la  seva  expressió  més  visible  en  l’extensió  de  les 
dendrites  i en  l’aparició de  les espines dendrítiques. L’input GABAèrgic que es produeix des 




transcripció  ha  estat  vinculat  a  estats  particulars  del  desenvolupament  neuronal  en 
l’hipocamp adult, per exemple, el factor especific de cèl·lula granular Prox1, que és expressat 
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  Entre  l’etapa  de  proliferació  cel·lular  i  poc  després  que  acabi  el  cicle  cel·lular  es 






Tipus 1      2a       2b   Nova neurona 
Nestina DCX
Sox2                                    PSA-NCAM
GFAP                                                            NeuN
BLBP Calretinina Calbindina
creixement axonal i dendr ític
formació espines, creixement i maduraci ó
eix sinapsi sinapsi MSB sinapsi SSB

















  Diferents  treballs  suggereixen  que  les  noves  neurones  estarien  principalment 
involucrades amb determinades funcions cerebrals relacionades amb l’olfacte i l’aprenentatge 
i  la  memòria  hipocamp‐dependent.  És  important  tenir  en  compte  que  l’hipocamp  és  una 




canvis  en  l’execució  cognitiva.  Per  exemple,  s'han  demostrat  correlacions  directes  entre  la 
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(Kempermann  i Gage, 2002).  Igualment, altres  treballs han estudiat els efectes de  l'ambient 
enriquit sobre la neurogènesi i l'aprenentatge (Olson i col·ls., 2006; Kee i col·ls., 2007; Tashiro 
i col·ls., 2007). Altres  factors com ara  les manipulacions genètiques,  l'edat, o  l’estrès    també 
afecten  tots  dos  processos  (Zhang  i  col·ls.,  2008;  Bizon  i  Gallagher,  2005;  Lemaire  i  col·ls., 
000). 
                                                                                                 43     Efectes neuroconductuals de l'alumini en ratolins Tg2576 
2
  
  La  regulació  de  la  neurogènesi  per  l’activitat  neural  suggereix  que  l’aprenentatge 
podria induir l’activació de les noves neurones nascudes i conseqüentment augmentar la seva 
supervivència  i  incorporació  dintre  dels  circuits  existents.  Tot  i  això,  aquesta  regulació  és 
complexa  (Zhao  i  col·ls.,  2008).  De  fet,  la  neurogènesi  només  és  augmentada  per  algunes 
asques d’aprenentatge hipocamp‐depenents (Shors i col·ls., 2002; Meshi i col·ls., 2006). t
 
  S’ha  descrit  que  les  noves  neurones  madures  són  reclutades  en  l’hipocamp  per  ser 
ensamblades  en  els  circuits  neurals  i  que  poden  desenvolupar  un  paper  especial  per  a 
l’estabilització dels canvis sinàptics necessaris per a la consolidació de la memòria (Ramirez‐
Amaya i col·ls., 2006). Tanmateix, el paper de la neurogènesi en l’aprenentatge i la memòria 
roman  encara  sense  entendre’s  totalment.  Una  hipòtesi  al  respecte  defensa  que  les  noves 
neurones  generades  tindrien  un  paper  important  com  a  mediadores  en  la  plasticitat 
estructural  i  funcional  del  SNC,  ja  que  aquestes  exhibeixen  propietats  fisiològiques 
específiques  en  cada  etapa  del  seu  procés  de  maduració.  Estudis  recents  mostren  que  les 
noves neurones presenten diferents propietats d’activitat i passivitat en comparació amb les 
neurones madures. De fet, les noves neurones presenten un llindar més baix per a la inducció 






  1.‐  El  dany  en  una  zona  on  normalment  es  produeix  neurogènesi  provoca  un 
  increment local en l’índex de producció neuronal. 
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  2.‐  El  dany  en  una  àrea  on  no  es  registra  normalment  neurogènesi  provoca  un 




  3.‐  El  dany  en  una  població  neuronal  on  normalment  no  es  registra  neurogènesi 
produeix l’inici d’aquest procés.  
  














Alguns  d’aquests  gens  s’expressen  en  diferent  grau  en  les  regions  germinatives  del  cervell 
adult com a resposta a estímuls o lesions en aquestes zones. Així, per tal que es produeixi la 
neurogènesi en el cervell adult, de la mateixa manera que en un cervell en desenvolupament, 
es  requereixen  diversos  factors  cel·lulars  com  són  els  gens  proneurals,  les  proteïnes  amb 
homodominis  i  altres  senyals  encara  no  identificats  (Hallbergson  i  col·ls.,  2003).  Entre  els 
gens  que  regulen  la  neurogènesi  i  morfogènesi  tant  en  estadis  embrionaris  com  en  adults 
trobem  l’expressió  dels  gens Notch,  BMP,  Eph/ephrins,  Noggin  i  Shh  (Alvarez‐Buylla  i  Lim, 
004). 2
 
  Algunes  troballes  indiquen  que  els  neurotransmissors  i  els  factors  de  creixement  
modulen  també  la  neurogènesi  en  adults.  Per  exemple,  l’administració  crònica 
d’antidepressius  que  augmenten  la  serotonina  incrementen  també  la  neurogènesi  (Ming  i 
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Song,  2005).  També  els  factors  de  creixement  com  ara  el  brain­derived neurotrophic  factor 
(BDNF)  i  l'insulin­like  growth  factor­1  (IGF‐1)  incrementarien  la  proliferació  (Ming  i  Song, 
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  Els  factors  ambientals modulen  la  producció  i  supervivència  de  les  noves  neurones. 
Viure  en  ambients  enriquits  incrementa  la  proliferació,  independentment  de  l’edat  dels 
ratolins  tot  i que no sabem si per  l'augment en  l'activitat  física o cognitiva  (Abrous  i  col·ls., 
2005). L'estrès és un altre factor ambiental que clarament ha demostrat afectar els processos 
de neurogènesi. L’elevació dels nivells de glucocorticoids per l’activació de l’eix hipotalàmic‐





   La  modificació  dels  processos  de  neurogènesi  en  la  malaltia  d’Alzheimer  és 
controvertida. Per una banda, diversos models animals de malaltia d’Alzheimer han descrit un 
decrement de neurogènesi  a  l’hipocamp  (Feng  i  col·ls.,  2001; Haughey  i  col·ls., 2002; Wen  i 
col·ls.,  2002; Dong  i  col·ls.,  2004; Wang  i  col·ls.,  2004; Donovan  i  col·ls.,  2006), mentre que 
d'altres  autors,  mostren  un  augment  de  la  mateixa  en  cervells  post‐mortem  de  malalts 
d’Alzheimer (Jin i col·ls., 2004b; Yu i col·ls., 2009) i en un model animal d'AD (PDGF‐APPSw, Ind) 
(Jin  i  col·ls.,  2004a). Un  altre  aspecte que ha estat  explorat  en  la malaltia d’Alzheimer és  la 
influència de  l’ambient enriquit sobre  la  formació de neurones noves. Així, es va trobar que 
rosegadors  transgènics mantinguts  en  un  ambient  enriquit  presentaven  un  augment  en  els 
nivells de neurotrofina 3 (NT‐3) i en el factor neurotròfic derivat del cervell (BDNF). Aquest 
augment  anava  acompanyat  per  una millora  en  l'aprenentatge  del  laberint  aquàtic  (Wolf  i 
col·ls., 2006). La mutació en la proteïna precursora d’amiloide pot interferir directament en la 
proliferació  i maduració  cel·lular  (Mattson,  1997),  o  indirectament mitjançant  la  producció 
d'Aβ 1‐42, pèptid que ha mostrat  tenir efectes negatius en  la supervivència cel·lular  tant  in 
vitro  com  in  vivo  (Koh  i  col·ls.,  1990).  Lazarov  i  col·laboradors  (2005)  van  reportar  que 
l’ambient enriquit indueix una disminució en els nivells de la proteïna beta amiloide i genera 
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Factors reguladors  Prolif.  Superv.  Diferen.  Mecanismes 
    ZSV  ZSG  ZSV  ZSG  ZSG  ZSV   
  Soca ratolins    +/‐    +/‐    +/‐   
  Sexe  =  +/‐  =  =  =  =   
  Edat  ‐  ‐    =    ‐  EGFR / Corticosteroids 
Hormones  Estrogen  =  +    =    =   
  Oestrogen    +          Serotonina 
  Embaràs  +  =          Prolactina 
  Testosterona        +       
Neurotransmissors  Dopamina  ‐  ‐    =    =  Receptors D2L 
  Serotonina  +  +           
  Acetilcolina  ‐  =  ‐  +    =   
  Glutamat  ‐      =      mGluR, NMDAR 
  Norepinefrina  =  +    =    =  PAC1 i PKC 
  GABA    ‐    ‐    ‐  Serotonina/ Cannabinoides 
  Òxid nítric  ‐  ‐/=  =    +/=  =   
  Cannabinoides    +        =   
Factors de  FGF‐2  +  =           
creixement  EGF  +  =           
  IGF‐1    +    +    +   
  BDNF  +             
Conducta  Ambient enriquit  =  +/=  =  +/=  =  +/=  VEGF 
  Exposició olor  =  =  +  =       
  Activitat física  =  +  =  +      VEGF 
    Aprenentatge     Laberint aquàtic    =    +/=    =   
     Reflex palpebral    =    +       
  Restricció dietètica    =    +      BDNF, NT‐3 
  Estrès    ‐    ‐      Glucocorticoids 
Drogues  Antidepressius    +    +    +  Serotonina 
  Liti    +        =   
Patologies  Isquèmia  +  +/‐    +  +  +  NMDAR, CREB 
  Epilèpsia  +  +/‐    +/‐    +/=   
  Inflamació  +/‐  ‐    ‐    ‐  IL‐6, TNFα 
  Diabetis    ‐    ‐       
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  Tenint  en  compte  que  l’acetilcolina  és  requerida  per  a  la  proliferació  de  precursors 
neuronals, no seria estrany que la pèrdua d’inputs colinèrgics en el cervell anterior observats 
en l'AD produeixi un descens de la neurogènesi en el gir dentat (Winkler i col·ls., 1998), efecte 







  La  disminució  de  factors  de  creixement  (FGF‐2,  IGF‐1,  VEGF)  podria  induir  un 
decrement de la neurogènesi en la zona subgranular. De fet, una alteració dels nivells d’IGF‐1 
ha estat observada en l'AD (Carro i Torres‐Aleman, 2004). Tanmateix, en estudis post‐mortem 
de  pacients  amb AD  s’ha  registrat  immunoreactivitat  augmentada  pel  factor  de  creixement 
endotelial  vascular  (VEGF)  (Kalaria  i  col·ls.,  1998)  i  augment  dels  nivells  de  VEGF  en  sang 
(Tarkowski i col·ls., 2002). L’augment de la VEGF podria reflectir un mecanisme de reparació 
compensatori,  així  com  també  podria  contribuir  als  canvis  observats  en  la  neurogènesi  en 
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cerebral:  extracel·lularment  les  plaques  neurítiques  i  intracel·lularment  els  cabdells 






  En  aquest  sentit,  pensem que  l’exposició  a  l’Al  augmentarà els  nivells de proteïna β‐
amiloide  i  alterarà  els  processos  de  neurogènesi,  produint‐se  afectació  tant  a  nivell 
conductual com cognitiu. Aquesta afectació serà més evident en  la població de ratolins amb 












  1. Valorar  els  efectes de  l’exposició  oral  a  1 mg de  lactat d'Al/g de  la dieta durant 3 
mesos sobre l'activitat motora,  l'ansietat  i els processos d'aprenentatge espacial així com en 
els nivells de proteïna beta amiloide i neurogènesi en ratolins Tg2576. 
  2. Valorar els efectes de  l’exposició oral a 11 mg de  lactat d'Al/g de  la dieta durant 6 
mesos sobre l'activitat motora,  l'ansietat  i els processos d'aprenentatge espacial així com en 
els nivells de proteïna beta amiloide i neurogènesi en ratolins Tg2576. 
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  En  la  primera  condició  experimental  els  ratolins  Tg2576  i  els  seus  controls  van  ser 
subministrats per Taconic Europa  (Lille Skensved, Dinamarca); en  les altres dues disposant 
de  l’autorització  prèvia  de  Taconic  Europa  (Ejby,  Dinamarca),  els  ratolins  transgènics  els 
3.1 Animals i tractament 
 
  En  les  diferents  fases  experimentals  vam  utilitzar  ratolins  mascles  transgènics 
(Tg2576) i els seus corresponents controls no transgènics (Wild type). Com ja s’ha comentat, 
els ratolins Tg2576 sobreexpressen l’APP humana 695, que conté la doble mutació (k670N i 







d’aquesta  edat  els  animals  començaven  a  ser  tractats  amb  la  dieta  normal  o  amb  la  que 
portava  el  suplement.  Els  ratolins  dels  grups  corresponents  foren  tractacts  amb  0,  1  o  11 
mg/g de lactat d’Al subministrat mitjançant el pinso de la seva dieta, que correspon a 0, 0.11 i 
1.11 mg  d'Al  per  g  de  pinso.  Aquestes  dosis  han  estat  escollides  segons  estudis  previs  fets 
d'altres  autors  (Golub  i  col·ls,  2000)  que han  treballat  amb  la  dosi  d'1.11 mg d'Al  per  g  de 
dieta. Les dosis utilitzades per nosaltres considerant un consum d'uns 3 g de pinso diaris per 
ratolins d'un pes aproximat de 30 g suposen per la dosi baixa un consum de 0,33 mg d'Al per 
ratolí  i  per  la  dosi  alta  de  3,33  mg  d'Al.  Tenint  en  compte  aquestes  dosis,  en  el  cas  de 
l'exposició humana la quantitat total que consumiria un subjecte de 70 kg seria de 770 o de 
7700 mg  d'Al  per  dia,  per  la  dosi  baixa  i  alta  respectivament.  Les  dosis  baixes  podrien  ser 
equiparables  a  les  consumides  per  subjectes  que  prenen  antiàcids  que  contenen Al,  la  dosi 
lta està per sobre del consum humà en factors de 10 a 100 vegades superior. a
 
  Els  procediments  relatius  a  la  utilització  dels  animals  i  al  protocol  d’experimentació 
van  ser  aprovats  pel  Comitè  Ètic  de  Cura  i  la  utilització  d’animals  experimentals  de  la 
niversitat Rovira i Virgili (Tarragona, Espanya). U
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SNC  de  diferents  substàncies.  Amb  aquest  propòsit  avalua  l'activitat,  la  reactivitat 
sensoriomotora  i  les  funcions  neuromusculars  i  autonòmiques  (Sills  i  col·ls.,  2000).  El 
protocol  consistia  a  registrar  l’activitat  de  l’animal  en  la  seva  gàbia  durant  un  minut  i 
posteriorment durant 30 seg s’avaluava l’activitat de l’animal a la mà i altres paràmetres com 
llagrimeig, salivació, etc. Finalment, els animals es col·locaven en un camp obert (60 cm × 90 
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  La  prova  del  camp  obert  s’utilitza  en  rosegadors  per  avaluar  els  nivells  d’activitat 
general,  l’activitat  locomotora  i  els  hàbits  d’exploració  en  un  ambient  nou.  Aquesta  prova 
suposa un conflicte entre la tendència natural del ratolí a explorar els nous ambients i la por 
que  tenen  als  espais  oberts.  Per  això,  en  el  camp  obert,  podem  diferenciar  dues  zones:  la 
perifèria (la zona que compren 10 cm de la paret cap endins) i la zona centre (que compren la 
resta  de  camp).  Aquestes  dues  zones  ens  permeten  també  avaluar  conductes  relacionades 
amb l'ansietat o la por en els ratolins (Fuentes i col·ls, 2007). 
  Els ratolins al començament de la prova són col·locats al centre del camp obert i se’ls 
deixa  moure  lliurement  durant  un  temps  determinat.  Els  moviments  i  trajectòries  dels 
animals són gravats per una càmera de vídeo (model Sony CCD‐IRIS) col·locada damunt del 






  Aquesta  prova  s’utilitza  per  avaluar  ansietat.  El  paradigma  en  el  qual  es  basa  és  el 
conflicte  que  genera  al  ratolí  per una banda,  l’aversió  innata  a  les  zones  il·luminades  i,  per 
l’altra, l’activitat exploratòria espontània. Si en condicions normals es dóna al ratolí a escollir 
entre un compartiment clar i il·luminat i un altre de fosc i sense il·luminació el ratolí prefereix 





cm), un obscur  i  l’altre clar  i  il·luminat. Els animals podien moure’s  lliurement entre els dos 
compartiments  i  travessar  d’un  compartiment  a  un  altre  per  una  porta  petita  (5  ×  5  cm) 
ubicada al centre de la paret que divideix els dos compartiments. El ratolí a l’inici de la sessió 
era situat en el compartiment obscur i durant 5 minuts es registrava la latència d’entrada al 
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  El  laberint  aquàtic  de  Morris  (Morris  1984)  és  una  prova  que  avalua  la  memòria 
espacial,  considerada  hipocamp‐depenent.  Les  característiques  dels  animals  experimentals, 
de  l'aparell  i  del  protocol  utilitzat  entre  d'altres,  determinen  l'execució  de  la  tasca.  Per  tal 
d'assegurar‐nos que els ratolins realitzen un aprenentatge hipocamp‐depenent és important 





cm)  dividit  en  quatre  quadrants  imaginaris.  Ubicada  en  el  quadrant  objectiu  es  troba 
submergida 1 cm sota l’aigua una plataforma. La tasca es divideix en una fase d’adquisició i en 




procediment  es  repeteix  en  els  diferents  assajos  i  durant  l'entrenament.  En  la  retenció 
s’avalua el record de l’aprenentatge deixant‐lo nedar lliurement durant 60 segons, havent tret 
la  plataforma  de  la  piscina. Tant  l’adquisició  com  la  retenció  dels  animals  és  registrada 
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2  dies  després  d’haver‐se  realitzat  les  proves  conductuals,  als  ratolins,  se’ls  injectava 
intraperitonealment  5‐Bromo‐2´‐deoxiuridina  (BrdU)  (Sigma,  Steinheim,  Alemanya)  durant 
dos dies consecutius a una dosi de 100 mg/Kg per dia. Per avaluar les fases de proliferació i 
supervivència  cel·lular  els  animals  eren  anestesiats  i  sacrificats  per  decapitació  un dia  i  28 
dies  després  de  l’última  injecció  de  BrdU,  respectivament.  Els  cervells  eren  extrets 
ràpidament  i  dividits  coronalment  en  dos  seccions.  Un  terç  de  la  part  rostral  es  va 
emmagatzemar a ‐80˚C per fer la determinació de beta amiloide, mentre que 2/3 del cervell 
caudal era postfixat durant 4 dies en paraformaldehid al 4% en tampó fosfat (PBS) a 4˚C. Per 
crioprotegir  el  teixit,  al  cinquè dia  els  cervells  es  van passar  a una  solució que  contenia un 
30%  de  sacarosa  en  tampó  fosfat  durant  48  hores  a  4˚C.  Després  aquestes  mostres  eren 












rentats amb TBS  i TBS‐plus,  les mostres van ser  incubades amb  l’anticòs secundari antirata 
biotinilat  (Laboratoris  Vector,  Burlingame,  EUA)  1:500  en  TBS‐plus  durant  dues  hores. 
Després  d'alguns  rentats  amb  TBS  l’anticòs  secundari  va  ser  detectat mitjançant  l’avidina‐
biotina (ABC Elit kit). La diaminobenzidina (DAB, Laboratoris Vector, Burlingame, EUA) va ser 
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de  cèl·lules  granulars  del  gir  dentat  i  en  l’hilus  de  l’hipocamp  d’una  de  cada  sis  seccions 
coronals seriades. De manera que el conjunt de seccions escollides és una sisena part de tot 
l’hipocamp  i  seria  una  representació  de  l’hipocamp  sencer.  Per  comptabilitzar  les  cèl·lules 
marcades amb BrdU es va utilitzar un microscopi òptic (Olympus, CH20), a l’objectiu de 100 x. 




  En  el  cas  de  la  supervivència  i  diferenciació,  el  comptatge  es  va  realitzar mitjançant 
sistemes  d’escaneig  de  microscòpia  confocal  (Nikon  T2000E).  El  nombre  total  de  cèl·lules 
BrdU positives, així com el nombre total de noves cèl·lules diferenciades a neurona (NeuN) o a 
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  Per  determinar  els  nivells  de  beta  amiloide  en  el  cervell  anterior  dels  animals  es  va 
homogeneïtzar el cervell anterior en un tampó amb 0,8 ml de HCl 5 M de guanidina i 50 mM 
Tris i es va centrifugar a 100.000 g durant 1 hora a 4˚C. Els pèptids de beta amiloide de tipus 
1‐40  (Aβ40)  o  beta  amiloide  1‐42  (Aβ42)  presents  en  el  sobrenedant  es  van  analitzar 
utilitzant  un  sandvitx  ELISA  mitjançant  el  producte  obtingut  comercialment  de  Biosource 
(Barcelona,  Espanya).  Els  nivells  totals  de  proteïnes  es  va  determinar  per  un  producte 










amiloide  (1:500,  Sigma,  Sant  Louis,  EUA)  i  el  GFAP  (1:250  Sigma,  Sant  Louis,  EUA)  que 
juntament en el TBS‐Plus van ser incubats durant 48 hores a 4˚C. Passat aquest temps es van 
posar  les  mostres  amb  els  respectius  anticossos  secundaris  Alexa  fluor  568  i  660  (Fisher 
Bioblock Científica, Madrid, Espanya) a una proporció d’1:250 durant 4 hores a temperatura 
ambient. Per  finalitzar  les mostres van  ser  rentades diverses vegades,  i muntades utilitzant 
l’anti­fading (Slowfade ® Gold Antifade reagent, Invitrogen). El nombre total de plaques de β‐
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  Finalment, es quantificava  la quantitat d’Al mitjançant  l’espectrometria de masses de 
plasma acoblat inductivament (ICP‐MS). 
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       65     Efectes neuroconductuals de l'alumini en ratolins Tg2576 
  4.1 Fase experimental I 
 




test  de  reconeixement  d'objectes)  i  de  plasticitat  (neurogènesi).  Així mateix,  també  es  van 
mesurar  els  nivells  de  proteïna  beta  amiloide,  el  número  de  plaques,  el  nivell  de 
orticosterona i l'acumulació d'Al al sistema nerviós central. c
 
  Els  resultats mostren  que  els  ratolins  transgènics,  independentment  del  tractament, 
presenten  una  major  activitat,  així  com  deteriorament  cognitiu  en  el  laberint  aquàtic  de 
Morris  i  en  el  test  del  reconeixement  d'objectes,  i  nivells  de  β‐amiloide més  elevats  que  la 
oblació de ratolins wild. p
 
  En  aquest  cas,  efectes  diferencials  de  l'alumini  depenent  de  la  càrrega  genètica  dels 
ratolins són observats en el laberint aquàtic i en la neurogènesi. Pel que fa al laberint aquàtic 
l'exposició al metall sembla afectar principalment als animals no modificats genèticament, ja 
que  l'aprenentatge  en  el  cas  dels  animals  transgènics  és molt  semblant  al mostrat  pel  seu 
propi  grup  control.  Respecte  a  la  neurogènesi,  els  ratolins  transgènics  exposats  al  metall 
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The effects of a very low oral dose of Al on spatial learning and neurogenesis were evaluated in a transgenic
mouse (Tg 2576) model of Alzheimer disease. At 5 months of age, wild and Tg 2576 mice received a diet
supplemented with Al lactate at 0 and 1 mg/g of diet for 120 days. The experimental groups (n= 7–8) were:
control wild, Al-treated wild, control transgenic, and Al-treated transgenic. After 3 months of Al exposure,
activity in an open-field and learning in a water maze were evaluated. At the end of the behavioral testing, in
order to study cell proliferation and differentiation in the hippocampus, mice were injected with 5-bromo-2-
deoxyuridine (BrdU) and sacrificed 1 or 28 days after the last BrdU injection. Tg 2576 mice were impaired in
both acquisition and retention of the water maze task, showing higher amounts of β-amyloid fragments in
brain. Aluminum exposure impaired learning and memory in wild mice and increased the total number of
proliferating cells in the dentate gyrus of hippocampus. The low Al doses here experimented suggest that this
element might impair cognition in the general population at doses comparable to current levels of human
exposure. Although these doses are not enough to interact with the amyloidogenic pathway, an increase in
cell proliferation can indicate a reactive response of the brain to Al insult. Further investigations should be
performed to corroborate the effects observed at very low doses of Al and to study the potential effects
derived from a longer exposure period.
© 2008 Elsevier Inc. All rights reserved.
Introduction
Aluminum (Al), a non-essential element, is ubiquitous in indus-
trialized societies. Usually, human exposure is primarily through the
diet. The typical adult intake is estimated in 3–12 mg/day according to
dietary Al studies conducted in many countries (Saiyed and Yokel,
2005). Because of the supposed biological inert properties and its low
oral absorption, the Al use on foodstuffs, beverage cans, and
pharmacological and cosmetic compounds has been very common.
However, it is well established that Al is neurotoxic, and when
ingested it can access into the brain. Some epidemiological studies
have suggested a possible relationship between water Al content and
AD (McLachlan et al., 1996; Altmann et al., 1999; Gauthier et al., 2000;
Flaten, 2001; Exley and Esiri, 2006), whereas in contrast, exposed
workers to Al showed impaired cognitive functions (Rifat et al., 1990;
Polizzi et al., 2002; Giorgianni et al., 2003). On the other hand,
experimental studies have shown that intracerebroventricular infu-
sions of Al in rabbits and cats induced neurofibrillary tangles (Savory
et al., 1995, 2006). More recent investigations have demonstrated that
Al is linked to beta amyloid deposition in vivo and in vitro (Kawahara,
2005), induces oxidative stress in the brain (Pratico et al., 2002;
Esparza et al., 2003), increases beta amyloid deposits in transgenic
mice models (Pratico et al., 2002), and induces neuropathological
changes in brains (Szutowicz, 2001; Fattoretti et al., 2004; Rodella et
al., 2008). However, experimental studies using rodent models have
failed to establish a consistent link between Al exposure even at high
levels and cognitive impairment, enhancing the controversial about Al
role at lowering AD thresholds (Krewski et al., 2007). Moreover, it is
known that rodents are quite resistant to neurodegeneration (Golub et
al., 2000; Roig et al., 2006). For this reason, transgenic models more
prone to this pathology can be of inestimable interest to elucidate the
role of Al in neurodegeneration. In relation to this, a recent study
conducted with the transgenic model (Tg 2576) of AD provided
evidences to link Al and AD (Pratico et al., 2002).
The Tg 2576 mouse model overexpresses the βAPP gene with the
human Swedish mutation (Hsiao, 1995), favoring the cleavage of APP
by the enzyme β-secretase against α-secretase (Yan et al., 1999),
leading to an excess of beta products that finally deposits and form
senile plaques. These deposits begin late in this mouse model,
approximately at 9–12 months of age (Kawarabayashi et al., 2001).
However, a role of soluble β-amyloid on cortical neurotransmission in
learning deficits observed in these mice before significant plaque load
has been suggested (Klingner et al., 2003). Most results on behavioral
phenotype related to spatial memory performance indicated for this
mutant deficits beginning at 11–15 months (King and Arendash,
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2002), when tested with the classic version of the Morris water maze
test (MWM) (Morris, 1984).
On the other hand, in most regions of the mammalian central
nervous system (CNS), cumulative evidence has shown that neuro-
genesis persists in restricted areas of the adult brain in rodents,
primates and humans (Altman and Das, 1965; Gould et al., 1997).
Hippocampal neurogenesis is greater in young subjects declining
steadily with age (Cameron and McKay, 1999). However, an increased
neurogenesis associated with high levels of beta amyloid have been
observed in AD patients and some mice models of neurodegenerative
processes at early stages of the disease (Chen et al., 2008; Gan et al.,
2008).
The aim of the present study was to assess the behavioral effects of
oral Al in an animal model (Tg 2576 mouse) which carries a transgene
coding for the 695-amino acid isoform of human Alzheimer β-amyloid
(Aβ) precursor protein derived from a Swedish family with early-
onset Alzheimer's disease (AD). The main objective was to evaluate
whether intake of Al at low doses could accelerate behavioral and
spatial learning deficits observed in transgenic mice, as well as to
assess the effects on cell proliferation, survival and differentiation of
cells in the dentate gyrus (DG). The possible relationship with beta
amyloid production in normal (wild type) and a vulnerable (Tg 2576)
mice population was also assessed.
Materials and methods
Animals and treatment
Sixteen transgenic male (Tg 2576) and 15 wild control mice
(Taconic Europe, Lille Skensved, Denmark) were used. Animals were
quarantined for 7 days after shipping and individually housed in
plastic cages in an animal room, which was maintained at a
temperature of 22±2 °C, a relative humidity of 50±10%, and a 12-h
light/dark automatic light cycle (light: 0800–2000 h). All animals were
allowed free access to food and water and given normal chow diet
(Harlan, Barcelona, Spain) until 5 months of age. At that time, control
mice received normal chow while Al-treated mice were fed rodent
chow supplemented with Al lactate at 0 or 1 mg/g of diet, which
means 0 or 0.101 mg of Al/g for 120 days. The experimental groups
(n= 7–8) were distributed as follows: control wild, Al-treated wild,
control transgenic (control Tg), and Al-treated transgenic (Al Tg). Body
weight food and water consumption were measured twice a month
during the treatment period. The study was approved by the Animal
Care and Use Committee of the “Rovira i Virgili” University (Tarragona,
Spain).
Behavioral assessment
At 3 months of oral Al exposure (8 months of age at the beginning
of testing), activity in an open-field and learning in a Morris water
maze (MWM) were evaluated. Animals were 9 months old at the end
of the behavioral analysis.
Open-field
General motor activity and behavioral responses to a novel
environment were measured in an open-field apparatus, consisting
of a wood 1×1 m square surrounded by a 47 cm-high dark colored
wall. Two areas were differentiated in the open-field, the periphery
(the area 10 cm from the wall) and the central area (comprising the
rest of the open-field). Mice were placed in the centre of the arena at
the beginning of the test being allowed to move freely around the
open-field and to explore the environment for 15 min. The path and
movements of the animals were recorded by a video camera (Sony
CCD-IRIS model) that was placed above the square. The video tracking
program Etho-Vision© (Noldus Information Technologies, Wagenin-
gen, The Netherlands) was used tomeasure the total distance traveled,
time spent in each area, and the number of rearings (as a measure of
vertical activity).
Morris water maze
The water maze consisted of a circular tank (diameter: 1 m; high:
60 cm), divided into four quadrants. An escape platform (10 cm of
diameter) was located 1 cm below the water surface in the target
quadrant. Animals performed 3 trials per day for five consecutive days.
During each trial, mice were allowed 60 s to find the hidden platform
and remain on it for 30 s. If the animal failed to find the platform at
this time, it was then put onto it by the experimenter. The inter-trial
interval was 30 s. The order of the three starting positions was
randomized along days for each mouse. To avoid proximal cues and
prevent egocentrical learning, an internal mobile wall was added to
the maze, and the wall was randomly moved between trials. At the
end of the fifth acquisition day, 4 h after the last training session,
retention of the taskwas assessed by a probe trial, which consisted of a
60 s free swimwithout the escape platform. Seventy-two hours after
the last training session, retention of the task was again tested by
using the same procedure. Animal performance was recorded by a
video camera placed above the maze and data were analyzed by the
video tracking program Etho-Vision©. The latency to find the escape
platform, distance traveled, and swim velocity during the training
sessions were measured. During the probe trials, total time spent in
the target quadrant and time spent in others quadrants were
measured in order to compare the time searching in the target
quadrant to the average time spent in the other quadrants.
To assess possiblemotor ormotivational deficits in thewatermaze,
one trial in a visual version of the water maze was performed
immediately after the last probe trial. At this version of the maze, the
escape platformwas located in the same position but lifted 1 cm above
water level. A pole with a white flag was inserted on the top as a
viewing aid.
Bromo-deoxyuridine administration and sample collection
To evaluate hippocampus cell proliferation, survival and differ-
entiation, 2 days after behavioral testing, 7 or 8 mice from each group
were i.p. injected with 5-bromo-2-deoxyuridine (BrdU) (Sigma,
Steinheim, Germany) at 100 mg/kg/day during two consecutive
days. One and 28 days after the last BrdU injection, animals were
deeply anaesthetized with tribromoethanol and sacrificed by decap-
itation. Brains were rapidly removed from the skulls and divided
coronally by free hand in two sections. One-third of the anterior
section was stored at −80 °C until beta amyloid determination, while
the remaining two-third posterior brain was post-fixed for 4 days at
4 °C in 4% paraformaldehyde. On the fifth day, brains were transferred
to a 30% sucrose/phosphate buffered solution (PBS) for 48 h at 4 °C,
and then snap frozen in isopentane. Serial coronal sections, 40 μm
thick, were cut with a cryostat and collected according to a
fractionator principle (West et al., 1991). Samples were stored at
−20 °C in a cryoprotection buffer (40% phosphate buffer 0.1 M, 30%
glycerol, and 30% ethylene glycol) for later immunohistochemical
analyses.
Immunohistochemistry
One out of six sections was taken for biotinylated-BrdU immunos-
taining. Free-floating coronal sections of brain were rinsed in TBS and
inactivated for endogen phosphatase activity in 0.6% H2O2–TBS.
Sections were then treated for DNA denaturation incubating in 2 M
HCl at 37 °C and rinsed in 0.1 M sodium borate buffer. Sections were
blocked in TBS-Plus containing 3% normal goat serum and 1% Triton-X
in TBS for 30 min. Antibody against BrdU (Serotec, Oxford UK) was
diluted 1:500 in blocking buffer and incubated overnight at 4 °C.
Following this incubation, tissue sections were washed with TBS-Plus
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and incubated with secondary antibody (biotinylated anti-rat IgG,
1:500, Vector Laboratories, Burlingame, USA) for 2 h . After additional
washes, the secondary antibody was detected using the avidin–biotin
complex reaction (ABC Elite Kit). Diaminobenzedine (Vector Labora-
tories, Burlingame, USA) was used as chromogen. Sections were
thoroughly washed, mounted, and cover slipped.
For triple-labeling immunofluorescence primary BrdU (Serotec,
Oxford UK), NeuN (Chemicon International, Temecula, USA) and GFAP
(Sigma, Saint Louis, USA) antibodies were used. After pre-treatment
(see above) and a blocking step with TBS-plus containing 3% donkey
serum, sections were incubated in a mixture of antibodies against
BrdU (1:500), NeuN (1:200), and GFAP (1:160) for 48 h at 4 °C. After
washing in TBS and TBS-plus, a cocktail of secondary antibodies
(1:250) to detect BrdU, NeuN, and GFAP (Alexa Fluor 488, 568 and 660;
Fisher Bioblock Scientific, Madrid, Spain) was applied for 4 h at room
temperature. Sections were again washed, mounted, and cover
slipped.
Quantification of BrdU positive cells
Data for proliferation were obtained by using methods of
unbiased stereology. The total number of BrdU positive cells in the
granular cell layer and hilus of the bilateral entire hippocampus were
exhaustively counted in one out of 6 serial coronal sections of the
brain. Each section was 240 μm apart from each other. The set of
selected sections represents one sixth of the whole hippocampus,
being representative of the total hippocampus. Positive cells were
counted by means of optic microscopy (Olympus, CH20) through a
100× objective. Cells in the uppermost focal plane were discarded to
avoid counting twice cells cut in two parts (Encinas and Enikolopov,
2008). The estimation of the total number of BrdU positive cells was
obtained by multiplying the total number counted by 6 and reported
as total number of cells.
To study survival and differentiation, fluorescence signals were
detected by Nikon T2000E laser-scanning confocal microscopy. The
total number of BrdU positive cells, as well as the total number of
BrdU-NeuN and BrdU-GFAP cells in dentate gyrus and hilus of both
right and left hippocampus were exhaustively counted in one out of 6
serial coronal sections. The estimation of the total number of BrdU,
Brdu-NeuN and BrdU-GFAPwas obtained bymultiplying each value by
6. Data are presented as the percentage of BrdU-NeuN or BrdU-GFAP
out of the total number of BrdU positive cells.
β-amyloid determination
Cerebral cortical tissue (n= 5 per group) (100 mg of wet weight)
were homogenized in 0.8 ml of 5 M guanidine HCl and 50 mM tris
buffer, and centrifuged at 100,000×g for 1 h at 4 °C. The β-amyloid
peptides present in the supernatant were analyzed using a sandwich
ELISA system for either β-amyloid 1–40 (Aβ40) or β-amyloid 1–42
(Aβ42) commercially obtained from Biosource (Barcelona, Spain).
Total protein levels were also determined by a Quick start Bradford
protein assay kit (Bio Rad, Barcelona, Spain). The beta amyloid levels
were expressed as ng/mg of protein. Each brain was analyzed in
duplicate or triplicate, with the average value reported for each brain.
Statistical analyses
Behavioral datawere analyzed by a two-way ANOVA (genotype×Al
treatment). Repeated measures multivariate analysis of variance with
day or period of time as the within-subject factor was also used when
appropriate. One-way ANOVA and post hoc Tukey test were used to
analyze differences between groups. Analyses for variance homo-
geneity using a Levene test were performed. Kruskal–Wallis test, and
the Mann–Whitney U test were used when appropriate. Significance
was set at pb0.05.
Results
General observations in mice during the period of treatment
At the beginning of the experiment, a significant general effect of
genotype was observed in body weight. This significant difference
[F(1,28)=11,628, p= 0.002], remained during the whole experimental
procedure, and no effects of treatment were observed. Moreover, a
significant general effect of genotype was also observed in water
intake [F(1,28)=10,727, p= 0.003]. Thus, transgenic mice drunk more
water than wild type mice. Significant effects of treatment were
observed in both food [F(1,28)=10,944, p= 0.003] and water con-
sumption [F(1,28)=4736, p= 0.038] during thewhole exposure period.
Aluminum-treated mice drunk more water and ingested a lower
quantity of food. Two animals of the control wild group were
eliminated for excess weight, and one for thigmotaxic behavior. In
the group of Al-treated wild mice, two animals were also eliminated
for excess in body weight. These subjects were excluded for all the
analysis.
Open-field
The total distance traveled (horizontal activity) and the total
numbers of rearings (vertical activity) in an open-field were evaluated.
General activity was analyzed by two-way ANOVA (Al× genotype).
Only an overall effect of genotype was observed in the total number of
rearings [F(1,28)=12.884, p= 0.001], showing that transgenic mice
performed a greater number of rearings in the open-field when
compared with wild mice (Fig. 1A). Neither another factor nor
interactions were statistically significant.
To evaluate habituation effects, the 15 min period was divided in
fractions of 5 min. A two-way ANOVA (Al×genotype) for repeated
measures was performed to test horizontal activity. Although
habituation to the open-field was observed [F(2,28) =25.608,




To evaluate acquisition in the water maze, a two-way ANOVA for
repeated measures was performed to assess any overall effects of
factors Al or genotype, or their interactions on latency to the platform,
distance traveled, and swim velocity during task acquisition.
Fig. 1. Number of rearings in an open-field (A) and distance traveled in an open-field
over 15 min (B). An asterisk indicates significant (pb0.05) differences between groups.
Data are expressed as mean±S.E.M.
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An overall effect of genotype factor was detected in escape latency
[F(1,28)=5.447, p= 0.027], showing a deterioration of learning acquisi-
tion in transgenic mice. Although the Al factor was not statistically
significant, an interaction between genotype and Al exposure was
detected [F(1,28)=4.268, p= 0.048] in escape latency. Due to overall
effect of genotype, treatment effects were analyzed by genotype. One-
way ANOVA for Al-untreated animals also showed higher latencies in
transgenic control mice than in wild controls: [F(1,13)=11.025,
p= 0.006] (Fig. 2A). These differences were observed during the fourth
first days of acquisition. No significant differences were found
between Al-exposed animals (Fig. 2B). Again, due to the interaction
between treatment and genotype, a more detailed analysis was
performed in order to asses Al effect within different genotype. One-
way ANOVA showed significant differences between groups (Al-
treated and control) in wild mice [F(1,13)=4.676, p= 0.05], showing
that Al caused a deleterious effect in acquisition in the water maze of
Fig. 2. Morris water maze performance across 5 days of acquisition in control wild and
Tg 2576 mice (A), Al-treated wild and Tg 2576 mice (B), wild control and exposed to Al
(C) and Tg 2576 control and exposed to Al (D). An asterisk indicates significant
differences (pb0.05) between groups. Data are expressed as mean±S.E.M.
Fig. 3. Distance traveled in the Morris water maze across 5 days of acquisition in control
wild and Al-treatedwild (A), and Tg 2576 control and Tg 2576 exposed to Al (B). Data are
expressed as mean.
Fig. 4. Retention in the water maze task. The mean time spent in the target quadrant
with regard to other quadrants at 4 (A) and 72 h (B). A dashed line indicates equal
chance performance. Data are expressed as mean±S.E.M. An asterisk indicates
significant retention of the task (pb0.05).
Fig. 5. Retention in the water maze task. The mean distance traveled in the target
quadrant with regard to other quadrants at 4 (A) and 72 h (B). Data are expressed as
mean±S.E.M. An asterisk indicates significant retention of the task (pb0.05).
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wild mice (Fig. 2C). No significant differences were observed between
control and treated transgenic mice (Fig. 2D). No significant
differences were observed in distance traveled (Fig. 3), or swim
velocity. In general terms, results indicate an impaired acquisition in
Al-exposed transgenic and wild mice.
Retention
Two different probe trials were performed at 4 and 72 h after the
last acquisition day. Four hours after acquisition, no significant effects
emerged when behavior was analyzed in the target quadrant.
Seventy-two hours after learning the task, no significant differ-
ences between groups were detected. However, an overall effect of Al
in the velocity in the target quadrant could be noted [F(3,26)=4.286,
p= 0.014]. Amore detailed ANOVA by genotype and treatment showed
that wild animals treated with Al swam faster than control wild mice.
Neither another factor nor interactions reached the level of statistical
significance.
In order to better analyze performance during probe trial, a t-test
was carried out by comparing time spent and distance traveled in the
target quadrant (Northwest, NW) and mean time and distance in the
other 3 possible quadrants of the pool [(Time in NE+Time in SO+Time
in SE)/3] in each group. Significant differences were only detected in
the time control wild animals spent in the target quadrant at 4
(p= 0.004) and 72 (p= 0.025) hours after the last acquisition trial
(Fig. 4). It shows that only control wild animals remember the
platform position. Significant differences were also detected in the
distance traveled by control wild animals (p= 0.040) and transgenic
control mice (p= 0.049) in the target quadrant at 4 h after the last
acquisition trial. However, therewere no differences 72 h after the last
acquisition trial (Fig. 5). It indicates a consistent retention for control
wild mice.
Proliferation, survival and differentiation of new born cells
Proliferation
The number of BrdU positive cells 24 h after BrdU injection was
significantly affected by the genotype of the animal [F(1, 14)=7.235,
p= 0.021] indicating a higher proliferation in transgenic mice. No
another factoror interactions reached the level of statistical significance.
To assess differences between groups, a nonparametric Kruskal–
Wallis test was applied. Statistically significant differences (p= 0.041)
were observed. Aluminum exposure significantly increased the
number of BrdU positive cells in transgenic mice when compared to
the respective Al-treated wild mice (p= 0.021) (Fig. 6).
Survival and differentiation
Survival and differentiation of the new born cells were evaluated
28 days after the last BrdU administration (Table 1). Results show a
non-significant increase in the number of BrdU positive cells and
double labeledBrdU andNeuNcells in transgenicmicewhen compared
towild type animals (Fig. 7).With regard to differentiation to glial cells,
double labeled BrdU and GFAP did not differ between groups (Fig. 7).
β-amyloid levels
With regard to β-amyloid levels, an overall effect of the genotype
in both Aβ1–40 [F(1,19)=14.175, p= 0.002], and Aβ1–42 [F(1,19)=
6.055, p= 0.026] levels were observed. As expected, transgenic mice
showed increased concentrations of both Aβ1–40 and Aβ1–42 frag-
ments. Although Al-treated transgenic mice showed lower levels of β-
amyloid fragments, no significant Al effects were detected (Fig. 8).
Behavioral correlations
Proliferation, survival and differentiation
Pearson's test indicatedno significant correlationbetweennewborn
cells proliferation and any measure in the acquisition and retention in
the Morris water maze or in the exploration in the open-field.
Fig. 6. Estimate total number of BrdU positive cells (proliferation) in the hippocampus.
Kruskal–Wallis and Mann–Whitney U test were used for comparison between groups.
Data are expressed as mean±S.E.M. An asterisk indicates significant differences
between groups (pb0.05).
Table 1
Survival and differentiation of new born cells in hippocampal hilus and dentate gyrus
Total BrdU BrdU-NeuN (%) BrdU-GFAP (%)
Control wild 174 7,5 (4.31%) 9 (5.17%)
Al wild 178,5 9 (5.04%) 6 (3.36%)
Control Tg 282 9 (3.19%) 6 (2.13%)
Al Tg 292,8 19,2 (6.56%) 6 (2.05%)
Fig. 7. Percentage of double labeled BrdU-GFAP cells from total BrdU positive cells
indicates new born cells differentiated to glia (A). Percentage of double labeled BrdU-
NeuN cells from total BrdU positive cells indicate new born cells differentiated to
neurons (B). Data are expressed as mean±S.E.M.
Fig. 8. β-amyloid (A) 1–40 and (B) 1–42 levels quantified by ELISA in anterior brain
cortex, expressed in ng/mg of protein. Data are expressed as mean±S.E.M. Groups
showing asterisks are significantly different at pb0.05.
297D. Ribes et al. / Experimental Neurology 214 (2008) 293–300
UNIVERSITAT ROVIRA I VIRGILI 
EFECTES NEUROCONDUCTUALS DE L'EXPOSICIÓ ORAL A ALUMINI EN UN MODEL ANIMAL DE LA MALALTIA D'ALZHEIMER 
Diana Ribes Fortanet 




When the Pearson's test for behavior in the water maze and
Aβ1–40/1–42 levels was performed, a positive correlation was only
observed between the total distance traveled during acquisition of the
water maze and Aβ1–40 levels (Pearson's=0.446, p= 0.049) suggesting
a relationship between high levels of Aβ1–40 and an impairment in
learning. As expected, significant correlations between Aβ1–40/1–42
and the animal genotype were also found (Aβ1–40: Pearson's=0.662,
p= 0.001; Aβ1–40: Pearson's=0.476, p= 0.034, respectively).
Discussion
In recent years, a number of genetic modified mice have been
generated as potential mouse models of neurodegenerative processes
(Gotz et al., 2004). These models have contributed largely to the
knowledge of neuropathological changes associated to different stages
of these diseases (Ashe, 2001; Richardson and Burns, 2002). In the
present study, we have compared the behavioral effects of a low dose
of oral Al in a transgenic mouse model of AD and wild type mice. We
have also investigated the differences in neurogenesis and β-amyloid
production induced by both Al exposure and genotype at 9 months of
age. The current Al dose ingested bymice is about 17mg/kg/day,which
for humans of 70 kg bodyweight would correspond to 1190mg Al/day.
It is important to remark that the Al dose here administered is not far
from the doses ingested by certain persons chronically consuming
Al-containing antacids, or buffered aspirins, important sources of
human Al exposure (Krewski et al., 2007).
Aluminumexposure didnot induce changes in exploratory behavior
to a novel environment measured in an open-field test, neither inwild
nor in transgenic mice. The only remarkable effect was an increased
number of rearings in the transgenic model. Vertical activity has been
studied as a possible component of anxiety or hyperactive behavior.
Previous investigations have also found similar enhanced behaviors in
Tg 2576 mice (King et al., 1999; Lalonde et al., 2003).
Learning and memory measured in a water maze showed
differences in acquisition between genotypes, and a differential effect
of Al depending on the genotype. TheMorris water maze test has been
one of the most popular tests used in the study of spatial learning and
memory, and it has been proven to be sensitive for a number of
conditions including age induced spatial deficits. However, differences
in methods such as the number of trials per day, the location of extra
maze cues, or the control of intra-maze cues can either increase or
decrease the sensitivity and the specificity for this test (Wolff et al.,
2004; Vorhees and Williams, 2006). Thus, modifications in water
maze protocol can result in apparently contradictory or disappointing
results. An interesting point of discussion is the sensitivity of the
MWM protocol used for this experiment, which allows to detect
differences between Tg 2576 and wild type at earlier stages than those
previously reported (Arendash and King, 2002; King and Arendash,
2002). With respect to this, some studies in Tg 2576 mice showed
deficits at different ages (Hsiao et al., 1996; Westerman et al., 2002),
while other investigations performed in the same range of ages did
not find any effect on the water maze task (King et al., 1999; King and
Arendash, 2002; Bizon et al., 2007). Therefore, it is interesting to
highlight the importance of increasing the demands of the task by
diminishing the number of trials per day, and by controlling intra-
maze cues to avoid and egocentric learning strategy in order to better
detect functional deficits at early states of neurodegeneration. It is of
special relevance in toxicological studies, where subtle deficits could
be masked by using protocols of massive learning created to test
marked deficits induced by either lesions in the CNS or pharmacolo-
gical strategies.
Surprisingly, Al exposure affected wild typemice, but did not affect
Tg 2576 mice during the acquisition period in the MWM task.
Moreover, the wild type control group was the only group showing a
consistent retention in both, time spent and distance in the target
quadrant. It means a higher period of time in the target quadrant
compared to that observed by chance, which indicates that Al-
exposed wild mice remembered worse as did Al-exposed Tg 2576
mice and Tg 2576mice non-exposed to Al. Moreover, wild type control
group reduced the swimming speed in the target quadrant indicating
a more efficient search of the platform (Hollup et al., 2001), while Al-
exposed wild type group showed a significantly higher velocity in this
quadrant when compared to the control group. This supports the Al
deleterious effects on wild type mice observed during the acquisition
period. On the other hand, a more extended training than that used in
this experiment could have improved retention in the Tg 2576 mice
differentially depending on Al exposure. In a previous study, Golub
and German, (2001) showed that female mice exposed to higher Al
doses were slower than controls in learning the Morris maze.
Notwithstanding, no differences between groups were observed in
the retention of the task. In contrast, some authors described a
memory improvement inwatermaze performance (Golub et al., 2000;
Colomina et al., 2005), while other investigations found a deleterious
Al effect (Miu et al., 2003; Jing et al., 2004). These controversial results
could be due to the Al dose, the route and chemical form administered,
as well as the experimental animal type. It is worthy to note the low Al
doses given in this study. Some in vivo and in vitro data suggested that
Al can induce biphasic dose-dependent effects in some neurotrans-
mitter systems, intercellular signaling molecules, and behavior
(Kumar, 1998; Trombley, 1998; Kim, 2003; Roig et al., 2006).
With regard to possible Al interactions with the genotype,
behavioral observations indicated that low doses of this element did
not impair acquisition in Tg 2576 mice, suggesting no interactions
with the amyloidogenic pathway at initial states. However, it cannot
be discarded that a more prolonged period of Al exposure, and/or an
exposure to higher Al doses could increase the effects in bothwild and
Tg 2576 mice.
Neurogenesis has been extensively studied in adult brains in
relation to learning andmemory processes (Kempermann, 2008; Zhao
et al., 2008). It can be modified by a number of physiological and
pathological factors. The current results show an overall effect of
animal type, being Tg 2576 mice those with a greater number of new
born cells. These results are in accordance with some recent data
showing an increased neurogenesis at early stages of neurodegenera-
tion followed by a dramatically decrease at late neurodegenerative
states (Chen et al., 2008; Gan et al., 2008). Moreover, other authors
reported increased neurogenesis in AD patients and several mice
models of AD (Brazel and Rao, 2004; Jin et al., 2004; Gan et al., 2008).
It suggests a compensatory mechanism after brain damage. In this
sense, neurogenesis has been proposed to be an interesting marker of
the evolution of the disease and a possible therapeutic target (Chen et
al., 2008). However, Dong et al. (2004) found a decrease in
hippocampus cell proliferation in Tg 2576 mice at 3, 6 and 9 months
of age. The differences in the results concerning neurogenesis and cell
proliferation related to AD mice models could be attributed to
differences in the BrdU dose, duration of the treatment, and age of
the animals (Gan et al., 2008). In the current study, it could be also
related to the previous exposure to thewatermaze task, which ismore
challenging for Tg 2576 mice than for wild type. The functional role of
these new born cells in neurodegeneration is not well understood yet.
Some studies point at a possible compensatory mechanisms by which
AD patients increase cell proliferation (Brazel and Rao, 2004; Jin et al.,
2004). However, hippocampus cell proliferation could be also an
unspecific reactive response to brain injury. In fact, our results show a
greater cell proliferation in Tg 2576 mice exposed to Al, suggesting a
different influence of Al depending on the type of animal. A possible
explanation could be related with an accelerated process in Al-treated
mice, being these animals, even at early stages, in a more advanced
phase of the neurodegenerative process. Notwithstanding, the
functional importance of this proliferation is limited, as no differences
were observed in differentiation and survival of the new born cells.
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With regard to β-amyloid levels, our results show increased levels
of both β1–40 and β1–42 amyloid fragments. An increased neurogenesis
related to the initial phases of Aβ plaque formation has been recently
suggested (Gan et al., 2008). Although in this study beta amyloid levels
seem to be lower in Tg 2576 Al-exposed animals when compared to
non-exposed Tg 2576 mice, significant differences were not found.
Praticò et al. (2002) reported an increase in β-amyloid levels in Tg
2576 mice exposed to 1 mg Al/kg diet, a dose that is 10-times lower
than that administered in the present investigation.
In summary, the current results show an increased neurogenesis
and β-amyloid production in Tg 2576 mice accompanied by an
impaired learning, while Al effects weremainly observed inwild mice.
The only indicator of Al effects on Tg 2576 mice was an increased cell
proliferation in hippocampus compatible with an accelerated neuro-
degenerative process. This, together with the finding that Al exposure
did not impair either acquisition or learning in Tg 2576 mice, but
impaired cognition in wild animals, suggests that effects on cognition
at low Al doses should not be necessary related with an early
potentiation of the amyloidogenic pathway. However, effects related
to higher Al doses or more prolonged periods of exposure should not
be discarded. In summary, the present data suggest that Al
administered at low doses impaired learning and memory in non
vulnerable mice, but do not influence learning andmemory in Tg 2576
mice. Further studies assessing the relationship between Al exposure
at higher doses, neurogenesis, and β-amyloid levels would be of
notable interest.
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The role of aluminum (Al) in Alzheimer’s disease (AD) is highly controversial. 
However, this element has been detected in neuritic plaques and neurofibrillary 
tangles in AD patients. Its presence in neuritic plaques in hippocampus is especially 
relevant, as this is an area closely related to spatial learning and memory. In the 
present study, the diet of wild-type and Tg2576 mice (animals overexpressing the 
human amyloid precursor protein APP) was supplemented with Al lactate (1 mg/g). 
General neurotoxic Al effects were evaluated using a functional observational 
battery (FOB), as well as a novel object recognition task (NOR). Four experimental 
groups were used: Control-wild, Al-wild, Control-Tg and Al-Tg mice. The results 
show a decreased home-cage activity and an increase in piloerection in all Al-
exposed animals, as well as an increased sensorimotor reactivity in Tg2576 mice 
given Al. Neither Al treatment nor genotype has any noticeable effect on 
corticosterone levels and Al concentrations in frontal cortex and cerebellum of the 
mice. Recognition memory was impaired in Tg2576 mice, while β-amyloid plaque 
depositions were observed in all these animals. However, Al did not alter the 
recognition memory and β-amyloid plaque loads of Tg2576 mice. 
 
Keywords: Tg2576 mice, aluminum, functional observational battery, novel object 
recognition, β-amyloid, corticosterone 
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Alzheimer’s disease (AD) is characterized by a progressive mental deterioration 
manifested by memory loss, inability to calculate, visiospatial disturbances, 
confusion and disorientation. The neuropathological characteristics include cortical 
and subcortical atrophy, formation of intraneuronal neurofibrillary tangles (NFTs), 
deposition of β-amyloid peptide in neuritic or senile plaques, loss of synaptic 
function, oxidative stress, and apoptosis leading to neuronal loss1. An important 
hypothesis on AD etiology is the amyloid cascade. Neurodegeneration in AD begins 
with the abnormal processing of the amyloid precursor protein (APP), resulting in 
overproduction, aggregation, and deposition of β-amyloid peptide. Apparently, the 
amyloid cascade may facilitate NFT formation and cell death 2. Hereditary early 
onset of AD (approximately 5-20% of cases) has been related to genes located in 
chromosomes 1, 14, and 21. The main constituent of senile plaques is the β-
amyloid peptide, which is a natural product of the metabolism of APP encoded in a 
gene of the chromosome 213. These events are mainly observed in the hippocampal 
and cortical regions of AD brains. Although the etiological factors of AD are not 
clearly known yet, there are a number of factors (i.e., head trauma, oxidative 
stress, infectious agents, and environmental factors such as arsenic or chronic 
aluminum (Al) exposure) that may contribute to precipitate or accelerate AD 
pathology 1, 4, 5. A number of epidemiological, neuropathological and biochemical 
studies have suggested a possible link between Al neurotoxicity and the 
pathogenesis of AD 6-8. 
Aluminum is a metal widely used in cooking utensils, decorations, fencing, highway 
signs, cans, food packaging, foil, dental crowns and dentures, etc. 9. Traditionally, 
Al had been considered virtually innocuous to humans. However, in recent decades 
it was shown that this element might be toxic to plants, animals and humans 10-13. 
Usually, human Al exposure is primarily through the diet, being the typical adult’s 
dietary intake around 3-12 mg Al/day 14. 
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Aluminum lactate is often used as a representative Al soluble salts, with enhanced 
gastrointestinal absorption 15. The distribution of the metal in different target 
organs varies with the route, dose, and duration of exposure. Independently on the 
exposure route, the brain is an important organ of Al accumulation, with the gray 
matter containing about twice the concentration found in white matter 16.  
On the other hand, an increase in plasma cortisol levels has been reported in AD 
patients 17-20. In longitudinal studies of these subjects, increased plasma cortisol 
levels have been correlated with a faster cognitive decline 21. 
As a result of human genetic analyses, transgenic mice with APP mutations have 
been generated. The brains of several APP-transgenic mouse lines contain neuritic 
β-amyloid plaques. In particular, the Tg2576 transgenic mouse (APPSWE) with the 
Swedish mutation 22 of the neuron-specific 695 amino acid isoform driven by the 
hamster PrP promoter 23, has been one of the most investigated. Moreover, the 
APPSWE model approximates the clinical picture of AD with respect to impaired 
spatial learning in the Morris water maze 23, 24.  
Taking the above into account, the main goal of the present study was to evaluate 
the behavioral effects of a low dose of Al lactate given orally to a normal population 
(wild-type) and a vulnerable population (Tg2576) of mice, as well as the Al 
influence on the general state and memory. The number of β-amyloid plaques, the 
serum corticosterone levels, and Al accumulation in cerebellum and frontal cortex 
were also assessed.  
 
METHODS 
Animals and treatment 
Seventeen Tg2576 male mice and 15 wild-type control mice (six-month old, 25-30 
g) provided by Taconic Europe (Denmark) were used. Animals were quarantined for 
seven days after shipping and individually housed in plastic cages (28 × 28 cm) in 
an animal room, which was maintained at a temperature of 22 ± 2°C, with a 
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relative humidity of 50 ± 10%, and a 12-h light/dark automatic light cycle (light: 
8:00 AM to 8:00 PM). All animals were allowed free access to rodent chow (Harlan, 
Barcelona, Spain) and tap water. Wild-type and Tg2576 mice received a standard 
rodent chow diet (Harlan, Barcelona, Spain), or the same diet supplemented with Al 
lactate at 1 mg Al lactate/g for 120 days. Experimental groups (n = 7-8) were 
distributed as follows: control-wild (Control-W), Al-treated wild (Al-W), control-
transgenic (Control-Tg) and Al-treated transgenic (Al-Tg) mice. The use of animals 
and the experimental procedures were approved by the Animal Care and Use 
Committee of the Universitat Rovira i Virgili (Tarragona, Catalonia, Spain).  
 
Behavioral assessment 
At nine months of age, and after three months of Al exposure, a functional 
observational battery (FOB) was used to assess the general state of the mice. A 
novel object recognition test (NOR) was subsequently used to evaluate the 
memory. Behavioral tests were conducted during two consecutive days (between 
09:00 AM and 11:00 AM), under conditions of a 12-h light cycle in an isolated and 
restricted-access room, by two trained observers, who were blinded to the 
treatment level of the mice until the entire study was completed. After behavioral 
testing, Al levels in cerebellum and frontal cortex, serum corticosterone levels, as 
well as the presence of β-amyloid plaques were determined.  
 
Functional observational battery (FOB) 
The FOB protocol consisted of 18 endpoints that evaluated the activity and 
excitability, neuromuscular and autonomic effects, and sensorimotor reactivity of 
the central nervous system (CNS) 25-27. Following a brief assessment of the mice in 
their home cages (activity, rearing, eating, climbing, stereotypy, grooming, and 
abnormal movements), each animal was removed and held on the observer’s hand 
for scoring ease of removal, handling reactivity, and general appearance. Each 
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mouse was then placed in an exploratory white box (60 x 90 cm), where the 
observer analyzed CNS activity (arousal, rearing), autonomic effects (urination, 
defecation), muscle tone/equilibrium (gait, mobility, righting reflex, inverted 
screen), and sensorimotor reactivity (approach response, click response, touch 
response) 28. Data were recorded on standardized sheets. Gait condition was scored 
on a scale between one (normal gait) and eight. Scores higher than one indicated 
abnormalities (i.e., ataxia, splayed hindlimbs, feet markedly pointing outward from 
body, forelimb drag, walking on tiptoes, hunched body, and body drag). Gait 
abnormality was rated on a gradient scale from one (normal) to four (severely 
abnormal) 26, 28. 
 
Novel object recognition (NOR) 
The NOR test procedure consisted of three phases: habituation, training and 
retention. Each mouse was individually habituated to the box (60 cm × 90 cm × 30 
cm) with 10 min of exploration in the absence of objects in Session 1 (habituation). 
In Session 2 (training), four objects (A1, yellow adhesive tape; A2, glass bottle; A3, 
yellow plastic; and A4, white cork) were symmetrically placed 11 cm from the wall. 
The mouse was placed in the box at an equal distance from each of the four objects 
and video-recorded for 5 min (sample phase). In Session 3 (training), mice were 
placed in the box for 5 min, with the objects located at the same positions as in 
Session 2. In Session 4 (retention), 24 h after the last training session, the second 
object (A2) was replaced by a white plug. The box and objects were cleaned with 
50% ethanol for each mouse and trial, in order to prevent the build-up of olfactory 
cues. Animals were video-recorded (EthoVision® program, Noldus Information 
Technologies, Wageningen, The Netherlands) and the number of bolus, number of 
rearings, distance traveled, and total time spent exploring each of the four objects 
in each session were recorded 29. Before the performance of this NOR test, a pilot 
study was carried out to assess no statistically significant preference object through 
the objects used in NOR by wild-type mice (data not shown).  
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After behavioral testing, animals were deeply anesthetized with tribromoethanol 
and sacrificed by decapitation, being the brains rapidly removed. Cerebellum and 
frontal cortex were weighed in a microsampling quartz insert and 65% nitric acid 
(Suprapur, E. Merck, Darmstadt, Germany) was added to digest the samples. The 
microsampling inserts were then placed in Teflon vessels, which were put into a 
Star D microwave oven (Milestone, Sorisole, Italy) for 30 min at 185°C and 1000 W 
according to the manufacturer's instructions. The digested sample was diluted to 
5 ml with Milli-Q water. To avoid contamination, all materials were previously 
washed with 10% nitric acid. For quality control, brain (prepared in-house) and 
NIST Standard Reference Material (Bovine liver 1577b, NIST, Gaithersburg, MD, 
USA) were measured in each assay. Aluminum concentrations were determined by 
means of a computer-controlled sequential inductively-coupled plasma 
spectrometer (PerkinElmer Elan 6000) according to DIN EN ISO 17294-2 30. The 
detection limit was 1.00 μg/kg.  
 
Corticosterone analysis 
After sacrifice of the mice, blood was collected (between 09:00 AM and 11:00 AM). 
Serum samples were prepared and stored at −20°C for corticosterone analysis. 
Animals were not subjected to any stressful condition before blood collection. 
Corticosterone levels in serum were measured by duplicate using a RIA kit (ICN 
Biomedical Inc., Costa Mesa, CA, USA) according to the manufacturer’s instructions. 
The dynamic range of the kit of the assay was 25–1000 ng/ml. 
 
β-amyloid plaque quantification 
It is well established that Tg2576 mice develop amyloid plaques 31. Therefore, an 
exploratory quantification of Aβ deposit in brain was conducted in these animals to 
examine any changes due to Al exposure. One of every six sections (a total of ten 
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coronal sections per mouse) was taken for double immunofluorescence staining for 
Aβ and also for GFAP labeling, to confirm amyloid plaques. The sections were rinsed 
in TBS and inactivated for endogen peroxidase activity in 0.6% H2O2-TBS. Sections 
were blocked in TBS-plus containing 3% normal goat serum and 1% Triton-X in 
TBS for 30 min. The antibodies monoclonal anti-Aβ (1:500, Sigma, Saint Louis, 
USA) and GFAP (1:250, Sigma, Saint Louis, USA) with blocking buffer were 
incubated for 48 h at 4°C. To detect β-amyloid plaques and GFAP (Alexa Fluor 568 
and 660; Fisher Bioblock Scientific, Madrid, Spain), a cocktail of secondary 
antibodies (1:250) was applied for 4 h at room temperature. Sections were again 
washed, mounted and coverslipped. The total number of Aβ deposit was counted in 
parietal and temporal cortex surrounding hippocampus, and in the hippocampus of 
each animal. The total number of plaques in the entire hippocampus was 
exhaustively counted in one out of 6 serial coronal sections of the brain. The set of 
selected sections represents one-sixth of the whole hippocampus, being 
representative of the total hippocampus, and one-sixth of the whole parietal and 
temporal cortex. Plaques were counted by means of Nikon T2000E laser-scanning 
confocal microscopy. Those in the uppermost focal plane were discarded to avoid 
counting twice plaques cut in two parts 32. The estimation of the total number of 
plaques was obtained by multiplying the total number counted by 6, being reported 
as total number of plaques.  
 
Statistics 
Results were analyzed by two-way (Al × genotype) analyses of variance (ANOVA), 
and with a two-way ANOVA for repeated measures when appropriate, using the 
period of time, or the day of evaluation as repeated measures. To assess 
differences between groups, one-way ANOVA and DMS post-hoc analyses for 
multiple comparisons were performed. Levene’s test was used to determine 
variance homogeneity. In case of heterogeneity of variance (P < 0.05), non-
parametric tests (Kruskal-Wallis test or Mann-Whitney U-test) were used. 
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Bonferroni correction was used to account for multiple comparisons (Mann-Whitney 
U-test)33. Statistical significance was set at P < 0.05. 
 
RESULTS 
Functional observational battery 
A total of eighteen parameters were scored to assess abnormal behavior, which 
would indicate central, autonomic or peripheral nervous system dysfunction. 
--Climbing: A two-way ANOVA showed a significant Al effect [F(1,32)=8.724, 
P=0.006)]. However, no effects of genotype or Al × genotype interactions were 
observed. The Kruskal-Wallis test revealed significant differences between groups 
[Χ2=7.990, P=0.046], while the Mann-Whitney U-test showed a lower activity in 
the Al-exposed transgenic group than in the wild-type control group (Fig. 1A).  
--Eating/drinking: A two-way ANOVA (Al × genotype) showed neither effects of Al 
or genotype, nor an Al × genotype interaction. The Kruskal-Wallis test revealed 
significant differences between groups [Χ2=9.120, P=0.028.]. In turn, the Mann-
Whitney U-test showed a significant lower activity in Al-exposed and in control 
Tg2576 animals, than in control wild-type mice (Fig. 1B).  
--Sensorimotor reactivity (click response): A two-way ANOVA revealed an overall 
effect of genotype [F(1,32)=4.582, P=0.041] and an Al × genotype interaction 
[F(1,32)=7.242, P=0.012]. Significant differences between groups were also noted 
[Χ2=9.222, P=0.026]. The Mann-Whitney U-test revealed an increased reactivity in 
the Al-exposed transgenic group when compared to the Al-treated wild-type and 
control transgenic mice (Fig. 1C). 
--Piloerection: A two-way ANOVA revealed an overall effect of Al [F(1,32)=10.702, 
P=0.003]. No effect of genotype or an Al × genotype interaction was noted. The 
Kruskal-Wallis test showed significant differences between groups [Χ2=9.171, 
P=0.027], while the Mann-Whitney U-test revealed a significant increase in 
piloerection in the groups exposed to Al in comparison to the control groups (wild-
type and transgenic mice) (Fig. 1D). 
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All these parameters were not affected by body weight. 
----------------Insert Fig.1 about here------------------- 
 
Novel object recognition 
Session 1 (habituation): In order to establish a basal line of mice behavior through 
experimental groups in the exploratory box, an habituation session before training 
sessions was conducted. Total time in the center of the open-field was analyzed by 
a two-way ANOVA (Al × genotype). A significant effect of Al [F(1,29)=4.270, 
P=0.049] was observed. However, no effects of either genotype or interaction 
between genotype and Al treatment were noted. A two-way ANOVA revealed an 
overall effect of genotype [F(1,29)=6.839, P=0.014] on the total number of 
rearings in the exploratory box. No effects of, Al or an Al × genotype interaction, 
were found. Significant differences between groups were detected [F(3,29)=3.975, 
P=0.019] in the total number of rearings (Fig. 2A). Both, the Al-treated groups and 
the Tg2576 control group, showed more rearings than the control wild-type group. 
These results indicate that basal line in rearings is increased in these groups in the 
exploratory box. No other differences were found in the remaining analyzed 
parameters.  
To evaluate habituation effects, the 10 min period was divided into fractions of 5 
min. A two-way ANOVA (Al × genotype) for repeated measures was performed to 
examine the total distance traveled. Although an habituation to the open-field was 
observed [F(1,26)= 13.645, P<0.001], no group-based effect was detected in any 
fraction of time (Fig. 2B). Therefore, any future difference could not be due to 
differences in habituation through experimental groups.  
Session 2 (training): A two-way ANOVA (Al × genotype) analysis showed a 
significant effect of Al [F(1,32)=5.268, P=0.029] on the number of rearings. A 
significant effect of genotype was also observed on the number of rearings 
[F(1,32)=5.974, P=0.021], on the number of bolus [F(1,32)=7.275, P=0.012] and 
on the time spent exploring the objects [F(1,32)=6.413, P=0.017].  
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Session 3 (training): A two-way ANOVA (Al × genotype) analysis showed a 
significant effect of genotype on the number of bolus [F(1,32)=20.613, P<0.001] 
and on the time spent exploring the objects [F(1,32)=5.533, P=0.026].  
Session 4 (retention): A two-way ANOVA (Al × genotype) analysis showed a 
significant effect of Al on the number of rearings [F(1,32)=6.236, P=0.018]. A 
significant effect of genotype was also observed on the time spent in the arena with 
the second object [F(1,32)=5.314, P=0.029] (Fig. 2C), as well as on the number of 
rearings [F(1,32)=5.963, P=0.021]. Significant differences between groups were 
found [F(3,32)=5.387, P=0.005] in the total number of rearings, with the treated 
Tg2576 group showing more rearings than the remaining three groups.  
In general terms, it was found that Tg2576 mice spent less time exploring the new 
object than animals from the wild-type control group, while Al-exposed Tg2576 
mice tended to show more rearings than animals from the other groups. 
----------------Insert Fig.2 about here------------------- 
 
Aluminum concentrations 
Data on Al accumulation in cerebellum and frontal cortex were statistically 
evaluated by means of a two-way ANOVA (Al × genotype). No significant effects of 
these factors were found in Al concentrations in cerebellum or in frontal cortex. A 
one-way ANOVA analysis did not show significant differences between groups (Fig. 
3).  
----------------Insert Fig.3 about here------------------- 
 
Corticosterone levels  
The statistical significance of the corticosterone levels was evaluated by means of a 
two-way ANOVA (Al × genotype). No effects of these factors were noted (Fig. 4).  
----------------Insert Fig.4 about here------------------- 
 
β-amyloid plaque quantification 
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Because wild-type mice did not show any β-amyloid plaque, comparisons were only 
made between Al-exposed transgenic mice and control transgenic animals. The 
differences between groups were not statistically significant (Fig. 5). 
----------------Insert Fig.5 about here------------------- 
 
DISCUSSION  
It is well known that Al may be a potent neurotoxic agent regardless of the host, 
the route of administration and its speciation 34-38. In the current study, the 
behavioral effects of dietary exposure to Al lactate (1 mg/g) were evaluated in wild-
type and Tg2576 mice using FOB and NOR. The results showed that oral exposure 
to Al lactate induced some general signs of toxicity, piloerection and diminished 
home-cage activity in both, wild-type and Tg2576 mice. A greater reactivity was 
also observed in Al-exposed transgenic mice, suggesting that animals with the 
Tg2576 genotype are more sensitive to Al-induced sensorimotor effects.  
We also observed piloerection, an effect observed in the intoxication by Al 
compounds 39, and decreased climbing activity. Climbing activity has been 
previously described as an index of central dopaminergic function 40, with Al 
altering the biochemical pathway involving dopamine β-hydroxylase 41, decreasing 
the dopamine level in rat brains 42, and reducing the density of D1 dopamine 
receptors (DRD1) and D2 dopamine receptors (DRD2) in a dose-dependent manner 
in cortex 43. Further studies must be conducted to investigate if this decreasing 
climbing activity is related to an existent decrease in dopamine levels in this 
transgenic model.  
NOR, a test of dorsal hippocampal function 29, is based on the assumption that 
rodents will explore a novel object more than a familiar one, only if they remember 
the familiar one. The current results show that wild-type groups spent more time 
exploring the novel object than animals in the transgenic groups, indicating a long-
term memory impairment of Tg2576 mice at nine months of age. Similar results 
were previously reported44, 45, indicating an impairment in event memory in Tg2576 
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mice. The NOR paradigm is especially well-suited to study short-term (2 min), 
intermediate-term (4h) and long-term memory (24 h retention interval). In a 
recent study 46, wild-type and Tg2576 mice performed equivalently well in NOR 
when short retention intervals were utilized (2min). In contrast, Tg2576 mice at 5 
months of age were unable to perform object recognition when the retention 
interval was 24 h, concluding that a synaptic dysfunction (aberrant calcineurin 
activity) mediated these object recognition deficits in Tg2576 animals. Previous 
data obtained in our laboratory 47, also showed a delayed acquisition and worse 
retention performance of transgenic mice compared to wild-type animals in a Morris 
water maze, which is the most used test to assess spatial learning and memory. 
However, Al treatment did not impair recognition function in Tg2576 mice 
measured by this test.  
It is well known that glucocorticoid hormones influence cognitive performance. It 
has been suggested that the effects of stress on memory (and high glucocorticoid 
levels in particular) are mediated through the influences on the hippocampus. A 
number of studies have consistently demonstrated that stress or stress-elevated 
corticosterone levels inhibit the induction of excitatory plasticity (long-term 
potentiation, LTP) and promote the induction of inhibitory plasticity (long-term 
depression, LTD) in hippocampus 48-53. In the present study, we did not find higher 
corticosterone levels in Tg2576 mice related to a worse NOR performance. These 
results are not in agreement with those reported by Mostafa et al. 54, who found in 
rats an association between an impaired NOR performance, and an increase in the 
corticosterone levels. This lack of association might be a consequence to the high 
variability in corticosterone levels. 
In the current investigation, β-amyloid plaque deposition was only found in Tg2576 
(Al-treated and non-treated) mice. The presence of β-amyloid plaques in the 
Tg2576 transgenic mouse model of AD was previously reported by Hsiao et al. 23. 
Recently, Dong et al. 18 also found an increase in β-amyloid plaque deposition and 
corticosterone levels in isolated Tg2576 mice. It suggests an association between 
UNIVERSITAT ROVIRA I VIRGILI 
EFECTES NEUROCONDUCTUALS DE L'EXPOSICIÓ ORAL A ALUMINI EN UN MODEL ANIMAL DE LA MALALTIA D'ALZHEIMER 
Diana Ribes Fortanet 
Dipòsit Legal: T. 725-2012 
  
 
the changes in the activity of the hypothalamic-pituitary-adrenal axis (HPA), as well 
as increases in brain-tissue β-amyloid levels and β-amyloid plaque burden. It 
provides an additional support to the hypothesis that stress would accelerate β-
amyloid plaque deposition in Tg2576 mice 18. In the present study, we did not find 
significant differences between treated and non-treated Tg2576 mice in the number 
of β-amyloid plaques. In a previous study performed in our laboratory, Al-treated 
Tg2576 mice showed a decrease of β-amyloid levels (1-40) and (1-42), quantified 
by ELISA 47. However, our results were not in agreement with those of Pratico et al. 
55, who reported that β-amyloid levels (1-40) and (1-42) were elevated in Tg2576 
mice orally exposed to Al for nine months. To explain these differences, it must be 
considered that the period of exposure and the Al dose were considerably lower in 
our study47 than in that of Pratico et al. 55, being our mice also younger at the time 
of exposure. Further investigations should assess the outcome of an increased dose 
and period of exposure in older animals. 
The results of the present study do not show significant differences between groups 
in Al accumulation in cerebellum or frontal cortex. Recently, it was also observed in 
cerebellum of Tg2576 and wild-type female mice 30, as well as in the hippocampus 
of rats 56. Moreover, Golub et al.15 reported that the amount of Al in brains of mice 
dietary exposed to high-Al doses were even lower in Al-treated mice than in 
controls. On the other hand,  Sanchez-Iglesias et al. 57 found that the amount of Al 
in brain of rats was higher after intraperitoneal Al injection than after oral Al 
administration, concluding that the cerebral Al distribution was dependent on the 
route of administration. It is accepted that there is a relationship between Al in the 
brain and its toxicity, which should mean that younger animals accumulate less Al 
suffering a lower toxicity 1. As above suggested, further studies in which the 
number of animals, time of exposure, Al dose, and age of the animals are 
increased, are necessary in order to determine whether these different conditions 
can lead to Al accumulation. 
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In summary, the results of the present study show that oral exposure of Tg2576 
and wild-type mice to Al lactate (1 mg/g) for three months, caused some general 
toxic effects, being Tg2576 animals more sensitive to Al-induced sensorimotor 
effects. However, no changes in the number of β-amyloid plaques due to Al 
exposure were observed. Our results also demonstrate that the Tg2576 transgenic 
mouse (APPSWE) with the Swedish mutation, at nine-months of age shows deficits in 
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Figure 1. Results in the functional observational battery (FOB). Figures A, B and C show mean values ± S.E.M in punctuation of climbing, 
eating and drinking, and click response respectively. Figure D shows the number of animals suffering piloerection (1) (or not, 0) in each 
group. An asterisk indicates significant (P < 0.05) differences between groups.
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Figure 2. Results in the novel object recognition test (NOR). Figures A and B show 
data obtained on session 1 (habituation) in the number of rearings (A), and in 
distance traveled over 10 min (B), respectively. Figure C shows preference index 
(percentage of time exploring the novel object, related to the total time for four 
objects) on session 4 (retention).  Horizontal dotted line represents equal 
exploration of four objects. Different letters (a,b,c) indicate significant differences 
(p < 0.05) between groups. Data are expressed as mean values ± S.E.M. 
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Figure 3. Aluminum levels in frontal cortex and cerebellum. Data are expressed as 
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Figure 5. Mean number of plaques per group of β-amyloid plaque quantification in 
Tg2576 mice. Data are expressed as mean values ± S.E.M.   
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anterior,  vam  observar  efectes  tòxics  generals  de  l'Al  mitjançant  la  bateria  d'observació 
funcional,  l'activitat  motora  amb  el  test  del  camp  obert,  l'ansietat  amb  la  caixa  de  dos 
compartiments i l'aprenentatge i la memòria en el laberint aquàtic de Morris. Aquestes dades 






  Pel  que  fa  a  l'aspecte  cognitiu,  els  grups  de  ratolins  transgènics  mostren  dèficits 
cognitius en el  laberint aquàtic de Morris. Com en  la  fase experimental anterior,  trobem un 
efecte  diferencial  de  l'Al  segons  la  vulnerabilitat  genètica  dels  ratolins,  aquest  efecte,  però, 
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Impaired Spatial Learning and Unaltered Neurogenesis in a Transgenic 
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Abstract: Although it is well established that aluminum (Al) is neurotoxic, the potential role of this element in the etiol-
ogy of Alzheimer’s disease (AD) is not well established. In this study, we evaluated the effects of oral Al exposure on 
spatial learning, memory and neurogenesis in Tg2576 mice, an animal model of AD in which Abeta plaques start to be 
deposited at 9 months of age. Aluminum was given as Al lactate (11 mg/g of food) for 6 months. At 11 months of age a 
water maze test was carried out to evaluate learning and memory. Subsequently, mice were injected with bromo-
deoxyuridine (BrdU) and sacrificed 24 hours or 28 days after the last injection in order to assess proliferation, survival and 
differentiation of neurons. We observed impaired acquisition in the water maze task in Al-treated Tg2576 mice, as well as 
worse memory in the Al-exposed groups. In terms of neurogenesis, no effects of aluminum were observed in proliferation, 
survival and differentiation. The results of this investigation suggest that Tg2576 mice fed for 210 days with rodent chow 
supplemented with Al lactate at 11 mg/g of food have impaired spatial learning although their neurogenesis remains un-
modified.  
Keywords: Alzheimer disease, aluminum, Tg2576 mice, -amyloid, spatial learning, hippocampus, proliferation, neurobehav-
ior.  
INTRODUCTION  
 Alzheimer’s disease (AD) is a neurodegenerative disor-
der characterized by neuropathological signs such as -
amyloid depositions and neurofibrillary tangles, as well as by 
a cognitive deterioration of learning and memory processes.  
 Environmental factors, stress, age and chronic exposure 
to drugs, can also have a deleterious effect in AD [1-5]. A 
possible relationship between water Al content and AD has 
been suggested [6-9], and Al-exposed workers have shown 
impaired cognitive functions [10-12]. Aluminum has been 
routinely used as a water treatment reagent, often being 
added to food and some pharmaceutical drugs, such as antac-
ids. Although an association between AD and exposure to Al 
in drinking water have recently been reported [13], oral Al 
exposure mainly comes from food [14]. However, only a 
pilot study have investigated the possible impact of this Al 
source on human health suggesting that dietary intake of 
aluminium may affect the risk of developing Alzheimer dis-
ease [15]. It has been estimated that the dietary intake of Al 
can be from 3 to 30 mg/day [16]. 
 Experimental studies have shown that intracerebroven-
tricular administration of Al to rabbits and cats induced neu-
rofibrillary tangles [17, 18]. The availability of mutant amy-
loid precursor protein (APP) transgenic mice has made it 
possible to evaluate the potential effect of different environ- 
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mental factors in AD [2, 19, 20]. These mouse models de-
velop at least some neuopathological signs of AD, and be-
come cognitively impaired during aging. It has been demon-
strated that Al is linked to Abeta deposition in vivo and in 
vitro [21], induces oxidative stress in the brain [22, 23], in-
creases Abeta deposits in transgenic mice models [23], and 
induces neuropathological changes in brains [24-26]. How-
ever, studies using rodent models failed to establish a consis-
tent link between cognitive impairment and Al exposure 
even at high Al doses, thus enhancing the controversy re-
garding the role of Al in lowering AD thresholds [27].  
 While some authors have reported that rodents are quite 
resistant to Al-induced neurodegeneration [28-30], other 
research has shown that rats injected with Al gluconate have 
fluctuating performances in the Morris water maze [30]. Re-
cently, Sethi et al. [31] reported that Al exposure via drink-
ing water increased anxiety and impaired spatial perform-
ance in rats by modifying brain functions at electrophysi-
ological, biochemical and structural levels. Another study 
conducted with the transgenic model (Tg 2576) of AD pro-
vided evidence to link Al and AD [23].  
 Cumulative evidence has shown that neurogenesis per-
sists in restricted areas of the adult brain of mammals [32, 
33]. This phenomenon refers to the birth of new neural cells 
throughout the lifetime in areas such as the hippocampal 
dentate gyrus (DG). A number of factors have been shown to 
positive or negatively influence neurogenesis, such as envi-
ronmental enrichment, reduced caloric intake, hippocampal-
dependent learning, stress, and aging [34-39]. An increased 
neurogenesis associated with high levels of Abeta has been 
reported in AD patients, and in some mice models of neu-
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rodegenerative processes, at early stages of the disease [40, 
41]. Recently, we showed that Al impaired water maze per-
formance in wild-type mice and increased proliferating cells 
in the DG. However, no effects were detected in transgenic 
mice probably due to either the low doses, or the rather short 
exposure period [42].  
 The purpose of the present study was to evaluate in 
Tg2576 mice whether a high Al intake over a prolonged pe-
riod could accelerate the behavioral and spatial learning 
deficits previously observed, as well as to assess the effects 
on cell proliferation, survival and differentiation in the den-
tate gyrus.  
MATERIALS AND METHODS  
Animals and Treatment  
 After authorization from Taconic Europe (Ejby, Den-
mark), AbetaPP transgenic mice were obtained by crossing 
Tg2576 males with C57BL6/SJL females. At 2 months of 
age, the transgenic status was determined by Polymerase 
Chain Reaction (PCR) of tail DNA. Male mice were then 
separated into transgenic and wild-type. Twenty transgenic 
(Tg2576) and 20 wild control male mice were individually 
housed in plastic cages in an animal room, which was main-
tained at a temperature of 22 ± 2 °C, a relative humidity of 
50 ± 10%, and a 12-h light/dark automatic light cycle (light: 
08:00–20:00 h). All animals were allowed free access to a 
chow diet (Harlan, Barcelona, Spain) and tap water until 5 
months of age. Al concentrations were measured in the nor-
mal chow (27,1 g/g ), in the supplemented chow (1107,5 
g/g) and in the tap water (14 g/l). Once the animals had 
reached 5 months of age, the control mice received normal 
chow, while the Al-treated animals were fed for 210 days 
with rodent chow supplemented with Al lactate at 0 and 11 
mg/g of food, which means 0 and 1.11 mg of Al/g, respec-
tively. The experimental groups (n = 10) were distributed as 
follows: control wild (Control Wild), Al-treated wild (Al 
Wild), control transgenic (Control Tg), and Al-treated trans-
genic (Al Tg) mice. Body weight, food intake, and water 
consumption were measured once a month during the entire 
treatment period. The protocols of the study were approved 
by the Animal Care and Use Committee of the “Rovira i 
Virgili” University (Tarragona, Spain).  
Morris Water Maze  
 After 7 months of Al exposure (the animals being 5 
months of age at the beginning of testing), spatial learning in 
a Morris water maze (MWM) was evaluated. The animals 
were 12 months old at the end of the behavioral testing. The 
water maze consisted of a circular tank (1m in diameter; 60 
cm high), divided into four quadrants. An escape platform 
(10 cm in diameter) was located 1 cm below the water sur-
face in the target quadrant. Animals performed 4 trials per 
day for 5 consecutive days. During each trial, mice were 
allowed 60 sec to find the hidden platform and then re-
mained on it for 30 sec. If the animal failed to find the plat-
form in this time, it was then put on it by the experimenter. 
The inter-trial interval was 30 sec. The order of the three 
starting positions was randomized each day for each mouse. 
At the end of the fifth acquisition day, 4 h after the last train-
ing session, retention of the task was assessed by a probe 
trial, which consisted of a 60 sec free swim without the es-
cape platform. One week after the last training session, reten-
tion of the task was again tested by using the same proce-
dure. Animal performance was recorded by a video camera 




nologies, Wageningen, The Netherlands). The time taken to 
find the escape platform, the distance traveled, and the swim 
velocity during the training sessions were measured. During 
the probe trials, the total time spent in the target quadrant, 
and the time spent in the other quadrants were measured to 
compare the time spent in the target quadrant to the average 
time spent in the other quadrants.  
Bromo-Deoxyuridine Administration and Sample Collec-
tion  
 In order to evaluate hippocampus cell proliferation, sur-
vival, and differentiation, two days after behavioral testing, 6 
mice from each group were intraperitoneally injected with 5-
bromo-2-deoxyuridine (BrdU) (Sigma, Steinheim, Germany) 
at 100 mg/kg/day over two consecutive days. One day and 
twenty-eight days after the last BrdU injection, the animals 
were anesthetized with tribromoethanol and perfused tran-
scardially with 4% paraformaldehyde in phosphate-buffered 
saline (PBS). Brains were rapidly removed from the skulls, 
and divided coronally by free hand into two sections. One-
third of each brain was stored at -80ºC, while the remaining 
posterior two-thirds of each brain was post-fixed overnight at 
4ºC in 4% paraformaldehyde. Next day, the brains were 
transferred to a 30% sucrose in PBS solution for 48 h at 4ºC, 
and then snap frozen in isopentane. Serial coronal sections, 
40 micrometer thick, were cut with a cryostat and collected 
according to the fractionator principle [43]. Samples were 
stored at -20ºC in a cryoprotection buffer (40% phosphate 
buffer 0.1M, 30% glycerol, and 30% ethylene glycol) for 
later immunohistochemical analysis.  
Immunohistochemistry  
 One out of six sections was taken for biotinylated-BrdU 
immunostaining. Free-floating coronal sections of brain were 
rinsed in Tris-buffered saline (TBS) and inactivated for en-
dogenous phosphatase activity in 0.6% H2O2-TBS. We then 
treated the sections for DNA denaturation by incubating 
them in 2M HCl at 37ºC and rinsing them in 0.1M sodium 
borate buffer. Sections were blocked in TBS-Plus containing 
3% normal goat serum and 1% Triton-X in TBS for 30 min. 
Antibody against BrdU (Serotec, Oxford, UK) was diluted 
1:500 in blocking buffer and incubated overnight at 4°C. 
Tissue sections were then washed with TBS-Plus and incu-
bated for 2 h with a secondary antibody (biotinylated anti-rat 
IgG, 1:500, Vector Laboratories, Burlingame, USA). After 
additional washes, the secondary antibody was detected us-
ing the avidin-biotin complex reaction (ABC Elite Kit, Vec-
tor Laboratories, Burlingame, USA). Diaminobenzedine 
(Vector Laboratories, Burlingame, USA) was used as a 
chromogen. Sections were thoroughly washed, mounted, and 
cover slipped.  
 Primary BrdU antibodies (Serotec, Oxford, UK), NeuN 
(Chemicon International, Temecula, USA) and GFAP anti-
bodies (Sigma, Saint Louis, USA) were used for triple-
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labeling immunofluorescence. After pre-treatment (see 
above) and a blocking step with TBS-plus containing 3% 
donkey serum, the sections were incubated in a mixture of 
antibodies against BrdU (1:500), NeuN (1:200), and GFAP 
(1:160) for 48 h at 4°C. After washing in TBS and TBS-plus, 
a cocktail of secondary antibodies (1:250) was applied for 4 
h at room temperature in order to detect BrdU, NeuN, and 
GFAP (Alexa Fluor 488, 568 and 660; Fisher Bioblock Sci-
entific, Madrid, Spain). Sections were again washed, 
mounted, and cover slipped.  
Quantification of BrdU Positive Cells  
 Data for proliferation were obtained by using methods of 
unbiased stereology. The total number of BrdU positive cells 
in the granular cell layer and hilus of the bilateral entire hip-
pocampus were exhaustively counted in one out of six serial 
coronal sections of the brain. The set of selected sections 
represents one-sixth of the whole hippocampus and is repre-
sentative of the total hippocampus. Positive cells were 
counted by means of optic microscopy (Olympus, CH20) 
through a 100  objective lens. Cells in the uppermost focal 
plane were discarded to avoid counting twice those cells that 
had been cut in two parts [44]. The total number of BrdU 
positive cells was estimated by multiplying the total number 
counted by 6.  
 To study survival and differentiation, fluorescence sig-
nals were observed by means of Nikon T2000E laser-
scanning confocal microscopy. The total number of BrdU 
positive cells, as well as the total number of BrdU-NeuN and 
BrdU-GFAP cells in the dentate gyrus and the hilus of both 
right and left hippocampus, were exhaustively counted in 
one out of six serial coronal sections. The total number of 
BrdU, Brdu-NeuN and BrdU-GFAP was estimated by multi-
plying each value by 6. Data are presented as the percentage 
of BrdU-NeuN or BrdU-GFAP out of the total number of 
BrdU positive cells.  
Statistical Analysis  
 Behavioral data were analyzed by a two-way ANOVA 
(genotype x Al treatment). Repeated measures multivariate 
analysis of variance was also used when appropriate, with 
day or period of time as the within–subject factor. One-way 
ANOVA and a post-hoc Tukey or a DMS test were used to 
analyze differences between groups. Analysis for variance 
homogeneity using a Levene test was performed. Kruskal-
Wallis test, and the Mann-Whitney U-test where also used 
when appropriate. Significance was set at p < 0.05. 
RESULTS 
Spatial Learning in the Water Maze 
Acquisition 
 A two-way ANOVA for repeated measures showed a 
general effect of the genotype on escape latency [F(1,35)= 
14.716, p = 0.001] and distance traveled [F(1,35)= 16.137, p 
= 0.000], but no effect of the Al treatment was observed. 
However, an interaction genotype x treatment was detected 
on distance traveled in the water maze [F(1,35)= 5.134, p = 
0.030].  
 A two-way ANOVA for repeated measures showed that 
the factor group had a significant effect on escape latency 
[F(1,35)= 5.610, p = 0.003], there being significant differ-
ences between groups on Days 1, 2, and 5 “Fig. (1)”. A Post-
hoc DMS test revealed that on Day 1, Al-exposed wild-type 
mice performed better than the other animals (p < 0.05). On 
Day 2, significant differences were observed between wild-
type mice exposed to Al and transgenic animals exposed and 
non-exposed to this element. There was a significant differ-
ence between control wild-type mice and transgenic mice 
exposed to Al (p < 0.05). Differences were observed be-
tween wild-type mice groups and the Al-exposed transgenic 
group on Day 5 (p < 0.05).  
 In order to better understand the genotype effect, a one-
way ANOVA was performed showing significant differences 
between wild and transgenic mice exposed to Al over the 5 
acquisition days, [F(1,18)= 17.389, p = 0.001].  
 A two-way ANOVA for repeated measures showed that 
factor group [F(1,35)= 7.510, p = 0.001] had a significant 
effect on the distance traveled during each acquisition day 
“Fig. (2)”. Significant differences were observed on Days 1 
and 2 between Al-exposed transgenic mice and the other 
groups (p < 0.05). Moreover, on Day 2, Al-exposed wild-
type mice showed different results than those corresponding 
to control transgenic mice (p < 0.05). Significant differences 
between transgenic mice exposed to Al and wild-type mice 
were observed on Days 3 and 5 (p < 0.05). Furthermore, a 
one-way ANOVA was also performed for distance traveled 
to better understand the genotype effect. Significant differ-
ences between wild-type and transgenic mice exposed to Al 
were found over the 5 acquisition days, [F(1,18)= 24.794, p 
= 0.000]. However, no significant differences were noted in 
swim speed. 
Retention 
 In order to evaluate retention of the task, two probe trials 
without the platform were performed at 4 h and one week 
after the acquisition period, respectively. Four hours after 
acquisition, an overall effect of animal type in velocity was 
noted [F(1,35)= 5.073, p = 0.031]. A more detailed ANOVA 
analysis by genotype and treatment showed that transgenic 
animals swam faster than wild-type mice (data not shown). 
No other factor or interaction reached the level of statistical 
significance.  
 To better analyze performance of each group during the 
probe trial, a t-test was carried out which compared the time 
spent, in the target quadrant (Northwest, NW), with the mean 
time spent in the other 3 possible quadrants of the pool 
[(Time in NE + Time in SW + Time in SE)/3] “Fig. (3)”. 
Significant differences were detected in the time spent in the 
target quadrant by the control wild (p = 0.031) and the con-
trol transgenic (p = 0.043) mice. Moreover, significant dif-
ferences were observed in the distance traveled in the target 
quadrant by the control wild (p = 0.026) and the control 
transgenic (p = 0.028) animals (Fig. 3). The control trans-
genic mice also showed differences in velocity in the target 
quadrant (p = 0.039) (data not shown). One week after ac-
quisition, a second probe trial was performed, but no signifi-
cant effects were found (data not shown).  
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Fig. (1). Escape latencies in the Morris water maze over 5 days of acquisition. (A) Aluminum non-treated groups, (B) Al-treated groups, (C) 
wild-type mice groups and (D) Tg2576 mice groups. Data are shown as mean ± S.E.M. An asterisk indicates significant differences between 


























Fig. (2). Distance traveled across 5 days of water maze acquisition. (A) Aluminum non-treated groups, (B) Al-treated groups, (C) wild mice 




 Neither Al exposure nor genotype had a statistically sig-
nificant effect on cell proliferation in the hippocampus. 
Moreover, no significant differences were noted between 
groups “Fig. (4)”. 
Survival and Differentiation 
 Survival and differentiation of the new born cells were 
evaluated 28 days after the last BrdU injection (Table 1). 
Results did not show that genotype or treatment factors had 
any significant effect. No interactions were statistically sig-
nificant. Moreover, no significant differences between 
groups were found “Fig. (5)”. 
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Fig. (3). Probe trial carried out 4 h after the last training session. 
Time (A) and distance traveled (B) in the target quadrant with re-
spect to other quadrants. A discontinuous line indicates equal 
chance performance. Data are given as mean ± S.E.M. An asterisk 



























Fig. (4). Proliferation in the hippocampus 24 h after the last injec-
tion of 5-bromo-2-deoxyuridine. (A) Total number of BrdU positive 
cells in the hippocampus. Data are given as mean ± S.E.M. (B) 
BrdU immunostaining positive cells in the dentate gyrus visualized 
using nickel-enhanced diaminobenzidine as chromogen. Arrows 
indicate positive cells. Scale bar: 50 m. 
DISCUSSION 
 Alzheimer’s disease is one of the most prevalent causes 
of deterioration in modern society and particularly affects 
older people. However, little is known about the environ-
mental factors influencing this serious disorder. Aluminum is 
a bioaccumulative element widely used in a number of 
commercial and industrial applications [45] and has been 
linked to some neuropathological characteristics in the brains 
of Alzheimer’s patients [21, 23-26, 46]. This in turn has led a 
number of investigators in recent years to study the potential 
relationship between Al and AD [16, 47, 48].  
 In the present investigation, we have evaluated the effects 
of oral Al lactate at 0 and 11 mg/g of food on spatial learning 
and neurogenesis in Tg2576 and wild-type mice. The 11 
mg/g Al dose was selected taking into account that the esti-
mated mean dietary intake of Al is between 3 and 30 
mg/day, and is up to 50-1000 mg/day in people consuming 
important amounts of Al-containing antacids [49].  
 The current results reveal significant differences between 
the genotypes, indicating that Tg2576 mice had a slower 
learning curve and performed poorly on the water maze, 
which confirms previous data from our laboratory [42]. Al-
though we were unable to observe a clear effect from the Al 
factor, the results show that Al had a deleterious effect on the 
acquisition of Tg2576 mice in the water maze. Longer laten-
cies and distance traveled were detected, but no effect was 
detected on swimming velocity. Nevertheless, we noted that 
the interaction between genotype and treatment had an effect 
on the distance traveled in the water maze. Aluminum-
treated Tg2576 mice showed an impaired acquisition com-
pared to mice in the remaining groups. This effect was not 
evident in wild-type mice possibly due to the use of a classi-
cal version of the water maze.  
 Retention was clearly affected by Al in wild and Tg2576 
mice 4 h after the acquisition phase. The results observed in 
Al-exposed Tg2576 mice confirm the deleterious effect of Al 
at 11 mg/g in this animal model of AD “Fig. (3)”. However, 
when the animal’s spatial long-term retention of the water 
maze was evaluated, all had a similar search time in all quad-
rants, which indicates that they did not remember the plat-
form position. 
 The results of the present study agree with the results of 
previous studies which also show that Al has a deleterious 
effect on learning and memory [30, 50]. However, it must be 
noted that in the current investigation deleterious effects 
were only observed in Tg2576 mice, whereas wild-type mice 
exposed to Al tended to improve in the acquisition phase 
when compared to their respective controls. In this sense, the 
current results also agree with those of studies reporting an 
improvement after oral Al exposure in drinking water [51], 
or after lifelong consumption of Al in the diet [28]. The dis-
crepancies may be due to differences in the doses, the way 
they are administered, the learning protocol used, or even 
different vulnerability to Al neurotoxicity. It is important to 
remark that the protocol of acquisition used in the present 
study was a classical version of the water maze [52]. A more 
sensitive protocol could have shown more clearly that Al 
affects performance in animals with differing vulnerabilities 
to AD. For instance, in our laboratory we have used a differ-
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Table 1. Total Number and Percentage of Cells Labeled with BrdU 28 Days After Last Injection, and Differentiation BrdU-NeuN 
and BrdU-GFAP 
Group BrdU BrdU-NeuN BrdU-GFAP 
Control Wild 322 102 (31.68%) 2 (0.62%) 
Al Wild 302 104 (34.44%) 6 (1.99%) 
Control Tg 482 316 (65.56%) 4 (0.83%) 














Fig. (5). Survival and differentiation. (A) Estimated total number of BrdU positive cells 28 days after last injection of bromo-deoxyuridine, 
and co-localization BrdU-NeuN. Data are expressed as mean ± S.E.M. (B) Representative triple-stained hippocampal section showing a cell 
labeled with bromodeoxyuridine (BrdU, green), neuron specific nuclear protein (NeuN, red), and glial fibrillary acidic protein (GFAP, blue). 
Confocal imaging shows co-localization of BrdU and NeuN. Scale bar indicates 20 m. 
 
ent water maze protocol which increased the cognitive de-
mand of the task and have detected differences in Tg2576 
mice administered with a lower Al dose for a shorter pe-
riod[42]. Comparing our previous results with the current 
data, it can be seen that a higher Al dose given over a longer 
period of time affected the performance of transgenic mice in 
the water maze. Because relatively simple versions of spa-
tial, context conditioning, and configural/relational tasks are 
not particularly sensitive to hippocampal dysfunction, (as 
suggested by McDonald et al. [53]), a more challenging task 
may well detect more learning differences.  
 On the other hand, neurogenesis has been described as a 
mechanism of plasticity observed in some cerebral regions in 
animals. Neurogenesis can be affected by factors such as 
learning, age, stress, and environmental conditions [54]. This 
may well mean that Al has an effect on neurogenesis. In fact, 
neurogenesis has been suggested to be a marker of the evolu-
tion of AD [40]. Some recent data have shown increased 
neurogenesis in humans with AD [41], while an increase in 
several mice models of AD [50] has also been reported. 
However, the functional role of neurogenesis still remains an 
open question. Moreover, some authors have shown that 
adult-born granule neurons are necessary for the expression  
 
of most hippocampal-demanding forms of spatial relational 
memory [55]. In the present study, because high variability 
within groups, no relevant results were observed regarding 
neurogenesis. Exposure to Al seems to have no effect on 
wild animals, whereas proliferation seems to be deteriorated 
in control Tg2576 mice. However, the total number of BrdU 
surviving cells was higher in control Tg2576 mice and had a 
higher percentage of differentiation to neuron than the other 
groups. This increase could be a compensatory mechanism in 
the progressive stage of neurodegeneration in these animals, 
as has been recently suggested [41, 56]. However, the bene-
ficial effects of learning on the survival and differentiation of 
new-born cells should not be discarded.  
 In summary, the current results show that oral Al expo-
sure has a deleterious effect on learning and memory in a 
mice model of AD, when evaluated using a classical version 
of the Morris water maze. On the other hand, neither Al ex-
posure nor genotype at this time modified neurogenesis. Fur-
ther studies should be carried out to assess discrepancies 
between mice age, Al exposure, and different protocols of 
spatial learning in order to better understand how the interac-
tions between genetic and environmental factors can affect in 
AD.  
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Since aluminum (Al) accumulation has been observed in neurofibrillary tangles and in 
senile plaques of patients suffering Alzheimer disease (AD), Al exposure has been 
suggested to be a potential factor contributing to the etiology of this serious 
neurodegenerative disease AD. In the present study, we evaluated the effects of Al 
lactate (11 mg/g of food) administered orally during 210 days to non-transgenic and 
transgenic Tg2576 mice, an species that overexpresses mutant amyloid precursor 
protein. The effects of Al were evaluated at 11 months of age through a functional 
observational battery (FOB), an open-field, and a light/dark box. Brain Al 
accumulation, the number of cerebral plaques, as well as the levels of β-amyloid 1-40 
(Aβ40) and 1-42 (Aβ42) were also measured. Results showed Al-induced anxiolytic 
effects in the open-field and the light/dark test, while high levels of Aβ40 and Aβ42 and 
amyloid plaques were observed in Tg2576 mice. However, Al did not change these 
parameters in Al-exposed Tg2576 mice. It can be concluded that dietary exposure to 
high doses of Al lactate during 210 days caused anxiolytic effects in mice independently 
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 Alzheimer disease (AD) is the most common neurodegenerative disease among 
older people. The major three pathological features of AD are extracellular deposition 
of Aβ protein, formation of intraneuronal neurofibrillary tangles (NFTs), and selective 
neuronal loss (Bekris et al., 2010). Some AD cases (about 7%), particularly those at 
early onset, are familial and inherited as autosomal dominant disorders. They are 
usually linked to the presence of mutant genes that encode the amyloid precursor 
protein (APP) or the presenilins (PS1 or PS2). The etiology of sporadic AD is complex 
and multifactorial, with contributions from genetic and environmental factors. 
 In a considerable number of in vivo and in vitro studies, aluminum (Al) has 
shown to possess neurotoxic effects  (Andersen et al., 2000; Golub et al., 2000; Aremu 
and Meshitsuka, 2005; Kaur et al., 2006). This element is the most abundant metal, and 
the third most abundant element after oxygen and silicon, in the earth's crust. Aluminum 
compounds are found in antacids, astringents, buffered aspirin, food additives, 
antiperspirants, municipal drinking waters, etc. In absence of occupational exposure 
and/or chronic use of certain Al-containing antacids and buffered aspirins, food is the 
main route of Al exposure, followed by drinking water. It has been estimated that the 
dietary intake of Al is between 3 and 30 mg/day (Vasudevaraju et al., 2008). When 
considering bioavailability, namely the fraction that is actually taken up into the blood 
stream, food is again the primary uptake source for non-occupationally exposed subjects 
(Krewski et al., 2007).  
Effects on behavioral and cognitive function following Al exposure has been 
reported in humans and rodents (Polizzi et al., 2002; Ribes et al., 2008; Walton, 2009). 
It has been also suggested that Al may be involved in neurodegenerative disorders such 
as dialysis encephalopathy and Parkinson dementia of Guam (Piccardo et al., 1988; 
Garruto, 1991). However, evidence for the contribution of Al to AD remains highly 
controversial. Some epidemiological investigations have suggested a link between Al 
levels in drinking water and AD (Rondeau et al., 2000, 2009), while human and rodent 
studies have showed learning and memory deficits after Al exposure (van Rensburg et 
al., 2001; Rebai and Djebli, 2008; Sethi et al., 2008). Aluminum accumulation in the 
nuclei of nerve cells and in neurofibrillary tangles (using various techniques) has been 
also noted in the AD brain (Yumoto et al., 1996; Murayama et al., 1999; Walton, 2006). 
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Moreover, recent studies have also shown that Al accumulates in senile plaques in AD 
brains (Collingwood et al., 2008; Yumoto et al., 2009). 
 Genetic investigations strongly suggest that Aβ peptides have a central role in 
AD pathogenesis. Because of their profuse extracellular deposition in senile and diffuse 
plaques and vascular walls, they are considered an important pathologic marker of AD 
(Bekris et al., 2010). In addition, Aβ is present in neurons and glial cells, as well as in 
soluble oligomeric forms that diffuse along the narrow extracellular space of the brain 
(Roher et al., 2009). The amyloid cascade hypothesis suggests that the imbalance of the 
Aβ peptide triggers neuritic plaques deposition, being the major cause for neuronal 
death and dysfunction. The formation of these plaques results in microglial and 
astrocytic activation, oxidative damage, and tau aggregation, culminating in neuronal 
loss and dysfunction, and leading to dementia (Robinson and Bishop, 2002; Verdile et 
al., 2004).  
 In recent years, transgenic mice models of AD in which human APP (huAPP) is 
expressed, have shown to be an useful tool for studying Aβ pathogenesis. The Tg2576 
mouse was developed by Hsiao and co-workers (1996) as an animal model of AD. 
These transgenic animals bear the “Swedish” familial AD mutation, consisting of a 
double amino acid substitution in amyloid precursor protein (APPK670N, M671L), resulting 
in overproduction of Aβ40 and Aβ42 levels in the hippocampus, amygdale and cortex 
,with increasing age that coincides with the appearance of spatial learning deficits in a 
reference memory water maze task (Kawarabayashi et al., 2001; Westerman et al., 
2002). In a recent study in which Tg2576 and wild type mice were used, we 
demonstrated that oral exposure to 1 mg/g of Al lactate during 100 days, impaired 
performance in water maze task in wild and transgenic mice, which had been initially 
exposed at nine months of age without altering Aβ levels in Al-treated transgenic mice 
(Ribes et al., 2008).  
 In the present study, we assessed the effects of oral Al lactate exposure (11 mg/g 
Al of food) during 180 days on motor activity and anxiety-like behavior in an open-field 
and a light/dark box test.  Modifications in Aβ40 and Aβ1-42 levels and in the number 
of Aβ plaques were also evaluated. 
 
2. Materials and methods 
 
2.1. Animals and treatment 
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After authorization from Taconic Europe (Ejby, Denmark), the Tg2576 colony 
was maintained by crossing Tg2576 male mice with C57BL6/SJL female mice. At 2 
months of age, offspring were DNA genotyped by PCR Polymerase Chain Reaction 
(PCR) from tail biopsies. Twenty transgenic male (Tg 2576) and 20 wild control mice 
were then separated and individually housed in plastic cages. All mice were maintained 
in an animal room on a 12-h light/dark automatic light cycle (light: 0800–2000 h), at a 
temperature of 22 ± 2 °C, and a relative humidity of 50 ± 10%. All animals were 
allowed free access to food and water and given a standard chow diet (Harlan, 
Barcelona, Spain) until 5 months of age. At this time, one-half of the animals were 
given Al lactate at 0 or 1.11 mg of Al/g of diet for 210 days. Animals were divided into 
four experimental groups: Al Wild (n = 10), Control Wild (n = 10), Al Tg (n  = 10), and 
Control Tg (n= 10). Aluminum concentrations were measured in the standard chow 
(27.1 μg/g), supplemented chow (1107.5 μg/g), and tap water (14.0 μg/g). Body weight, 
food and water consumption were measured once a month throughout the treatment 
period. The experimental procedures were approved by the Animal Care and Use 
Committee of the “Rovira i Virgili” University (Tarragona, Spain).  
 
2.2. Functional observational battery 
 
 At 11 months old (after 6 moths of oral Al exposure), a functional observational 
battery (FOB) was performed. FOB is a neurotoxicity screening assay that allows 
qualitative and quantitative evaluations of acute behavioral and physiological effects of 
toxic substances. In the current study, the FOB protocol consisted of eighteen endpoints, 
which evaluated central nervous system (CNS) activity and excitability, neuromuscular 
and autonomic effects, and sensorimotor reactivity (Table 1) (Sills et al., 2000). 
Animals were observed at their home cages (1 min), in the observer’s hand (30 sec), and 
in an exploratory white box (60 cm x 90 cm), where the observer analyzed the 




The purpose of the open-field is to examine animal responses to novel 
environment (motor activity and anxiety-like behavior) (Archer, 1973). The apparatus 
consisted of a wood 1 × 1 m square surrounded by a 47 cm-high dark colored wall. Two 
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areas were differentiated in the open-field, the periphery (10 cm from the wall) and the 
central area (comprising the rest of the open-field). At the beginning of the test, mice 
were placed in the centre of the arena, being allowed to explore the environment for 20 
min. The path and movements of the animals were recorded by a video camera (Sony 
CCD-IRIS model), which was placed above the square. At the end of each trial, the arena 
was cleaned with 50% ethanol. The video tracking program Etho-Vision© (Noldus 
Information Technologies, Wageningen, The Netherlands) was used to quantify the 
activity. Total distance traveled, time spent in each area, and the number of rearings (as a 
measure of vertical activity) were recorded. The center distance was divided by the total 
distance in order to obtain the center distance-to-total distance ratio, which is used as an 
index of anxiety-related responses (Wang et al., 2002).  
 
2.4. Light/dark box test 
 
 The light/dark box test is based on the innate aversion of rodents to brightly 
illuminated areas and on spontaneous exploratory behavior of rodents in response to 
mild stressors; that is to say, novel environment and light (Crawley and Goodwin, 
1980). Therefore, this test might be useful to predict the anxiety-like activity of Al 
exposure in mice. The apparatus consisted of a box divided into two compartments (50 x 
25 x 27 cm) by a small doorway (5 × 5 cm) through which animals could freely moved. 
One of these compartments was white painted and lit by a halogen lamp, while the second 
one was black painted. Mice were initially confined at the dark compartment. The latency 
of first entry to the white compartment, the time spent in the light and dark areas, as well as 
the number of transitions between areas were measured for 5-min test periods. 
 
2.5. Aβ plaque quantification 
 
 After completion of behavioral testing (a total exposure of 210 days), animals 
were deeply anesthetized with tribromoethanol and sacrificed by decapitation. Brains 
were rapidly removed from the skulls and coronally divided by free hand in two 
sections. Two-third posterior brain was post-fixed for four days at 4ºC in 4% 
paraformaldehyde. On the fifth day, brains were transferred to a 30% sucrose/phosphate 
buffered solution (PBS) for 48 hr at 4ºC, and then snap frozen in isopentane. Serial 
coronal sections, 40 µm thick, were cut with a cryostat and stored at -20ºC in a 
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cryoprotection buffer (40% phosphate buffer 0.1M, 30% glycerol, and 30% ethylene 
glycol) for later immunohistochemical analyses. 
 One out of six sections was taken for double immunofluorescence. Free-floating 
coronal sections were rinsed in TBS and inactivated for endogen phosphatase activity in 
0.6% H2O2-TBS. Sections were blocked in TBS-Plus containing 3% normal goat serum 
and 1% Triton-X in TBS for 30 min. Antibodies monoclonal anti-β-amyloid (1:500, 
Sigma, Saint Louis, MO, USA) and glial fibrillary acidic protein (GFAP) (1:250 Sigma, 
Saint Louis, MO, USA) with blocking buffer, were incubated during 48 h at 4°C. 
Afterward, a cocktail of secondary antibodies (1:250) was applied for 4 hr at room 
temperature to detect Aβ plaques and GFAP (Alexa Fluor 568 and 660; Fisher Bioblock 
Scientific, Madrid, Spain). Finally, sections were washed, mounted, and cover slipped, 
and the total number of Aβ deposits were counted in cortex and hippocampus of each 
animal using a Nikon T2000E laser-scanning confocal microscopy. Three animals per 
group, with a total of 10 coronal sections from each one, were used for Aβ plaque 
quantification. 
 
2.6. β-amyloid determination  
 
Cortex and hippocampus (n = 4 per group) were homogenized in 0.8 ml of 5M 
guanidine HCl and 50 mM tris buffer, being centrifuged at 100,000 × g for 1 h at 4°C. 
The Aβ peptides in the supernatant were analyzed using a sandwich ELISA system for 
either Aβ40 or Aβ42 commercially obtained from Biosource (Barcelona, Spain) 
according to the manufacturer's protocol. Total protein levels were also determined by a 
Quick start Bradford protein assay kit (Bio Rad, Barcelona, Spain). The Aβ levels were 
expressed as ng/mg of protein. Each zone (cortex, hippocampus) was analyzed in 
duplicated or triplicated, with the average value reported for each brain. 
 
2.7. Aluminum analysis 
 
 To analyze Al cerebral levels, the whole brain (excepting cerebellum, 
hippocampus, brainstem and cortex) was weighed in a microsampling quartz insert, and 
65% nitric acid (Suprapur, E. Merck, Darmstadt, Germany) was added to digest the 
samples. The microsampling inserts were then introduced in Teflon vessels. The vessels 
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were put into a microwave oven Star D (Milestone, Sorisole, Italy) during 30 min at 185 
ºC and 1000 W according to the manufacturer's instructions. The digested was 
subsequently diluted at 5 ml with milli-Q water. All materials were previously washed 
with 10% nitric acid in order to avoid possible sample contamination. For quality 
control, brain (prepared in-house) and NIST Standard Reference Material (Bovine liver 
1577b, NIST, Gaithersburg, MD, USA) were measured in each assay. Aluminum 
concentrations were determined by means of a computer-controlled sequential 
inductively coupled plasma spectrometer (PerkinElmer Elan 600) according to DIN EN 
ISO 17294-2 (Gomez et al., 2008). Detection limit (LOD) was 1.00 μg/kg. 
2.8. Statistical analysis 
 Data were analyzed by two-way (Al × genotype) analyses of variance 
(ANOVA). Repeated measures multivariate analysis of variance, using the day as the 
within–subject factor, were also used when appropriate.  One-way ANOVA and post-
hoc Tukey test were used to analyze differences between groups. Levene’s test was used 
to determine variance homogeneity. Non-parametric tests (Kruskal-Wallis and Mann-
Whitney U-test) were used when heterogeneity of variance was detected. In all cases, 




3.1. Functional Observational Battery (FOB) 
 
 Two-way ANOVA test showed an overall effect of genotype [F(1,39)= 7.309, P 
= 0.010] on arousal. However, other factors or interactions did not reach the level of 
statistical significance. Significant differences between groups were observed [X2= 
10.796, P = 0.013] indicating an increased arousal in non-treated transgenic animals 
compared to Al-treated and non-treated wild mice. 
 With regard to eating/drinking frequency, a two-way ANOVA indicated an 
interaction between Al and genotype [F(1,39)= 6.818, P = 0.013], but neither other 
factors nor interactions reached the level of statistical significance. Significant 
differences between groups [X2= 9.583, P = 0.022] were also noted. Mann-Whitney U-
test showed high activity levels in the Tg2576 control group with respect to the wild 
control and Al-treated transgenic animals. 
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 An overall effect of Al [F(1,39)= 4.891, P = 0.033] on hand reaction was 
detected. Notwithstanding, no effects of genotype or Al × genotype interaction were 
observed. Moreover, no significant differences between groups were noted. Finally, 
two-way ANOVA also showed an overall effect of genotype on palpebral closure 
[F(1,39)= 4.800, P = 0.035]. No effects of Al or Al × genotype interactions were 





 Total distance traveled (horizontal activity), number of rearings (vertical 
activity), and velocity in the open-field were evaluated by two-way ANOVA (Al × 
genotype). No overall effects or interactions were detected. A more detailed evaluation 
of the activity in the center of the apparatus showed an overall effect of treatment on 
time [F(1,39)=6.056, P =0.019], number of rearings [F(1,39)=4.357, P =0.044], as well 
as in the ratio distance moved in the center with respect to the total distance moved 
[F(1,39)=7.057, P =0.012]. Aluminum-treated groups spent more time, performed more 
rearings, and traveled greater distances in the center than Al non-treated groups did. An 
overall effect of genotype was also shown in velocity (cm/s) [F(1,39)=5.765, P =0.022], 
indicating that transgenic mice were faster than wild animals. No interaction between Al 
× genotype resulted significant. One-way ANOVA showed significant differences 
between groups [F(3,39)=3.345, P = 0.030] in the time spent in the center of the 
apparatus. Post-hoc Tukey test indicated that Al-treated wild mice spent more time in 
the center of the open-field than the transgenic group non-exposed to Al. 
 To evaluate habituation effects, the 20 min period was divided in fractions of 5 
min. A two-way ANOVA (Al × genotype) for repeated measures was performed. 
Habituation to the open-field was observed in both, horizontal [F(3,34)= 32.552, P < 
0.001] and vertical [F(3,34)= 4.143,  P = 0.013] activities. An overall effect of the group 
[F(3,36)= 2.981, P = 0.044] was noted in the velocity in the center, indicating a higher 
velocity during the period 10-15 min in Al-treated transgenic mice compared to wild 
and Tg2756 control mice.  
 
3.3. Light/dark box test 
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 Results of this test showed an overall effect of Al in the time spent in the dark 
compartment [F(1,39)= 4.838, P = 0.034] and in the number of transitions between 
areas [F(1,39)= 5.351, P = 0.027]. An overall effect of genotype was also observed in 
latency to light compartment [F(1,39)= 10.460, P = 0.003] and the time spent in the dark 
compartment [F(1,39)= 5.323, P = 0.027]. Interactions did not reach the level of 
statistical significance. 
 One-way ANOVA showed differences between groups in transitions number 
[F(3,39)= 3.088, P = 0.039]. Post-hoc Tukey test showed a significant increase of 
transitions in Al-treated wild mice compared to non-exposed Tg2576 mice. Significant 
differences between groups were also detected using the non-parametric Kruskal-Wallis 
test in latency to the light compartment [X2= 8.606, P = 0.035] and in the time spent in 
the dark compartment [X2= 7.949, P = 0.047]. Further analysis revealed a shorter 
latency to light compartment in Al-treated and control wild mice, compared with the 
transgenic control group. The Al-exposed wild mice spent less time in the dark 
compartment than wild and transgenic control groups did it.  
 
3.4. Aβ plaque quantification 
 
 An overall effect of genotype in the total number of plaques in cortex [F(1,12)= 
14.319, P = 0.009] were detected by two-way ANOVA (Al x genotype). However, no 
effects of Al x genotype were observed. Significant differences between groups in the 
total number of plaques in cortex [F(3,11)= 4.846, p= 0.048] were noted by a one-way 
ANOVA. Post-hoc Tukey test indicated a greater number of plaques in transgenic mice 
compared to wild animals. 
 
 3.5. Aβ determination and aluminum analysis 
 
 A two-way ANOVA (Al × genotype) analysis showed an overall effect of 
genotype in Aβ40 in cortex [F(1,15)= 10.976, P = 0.006] and hippocampus [F(1,15)= 
7.282, P = 0.019], as well as in Aβ42 in cortex [F(1,15)= 5.315, P = 0.040] and 
hippocampus [F(1,15)= 14.003, P = 0.003]. However, no effects of Al, or Al × genotype 
interaction, were observed. Significant differences between groups in Aβ40 [X2= 
11.471, p= 0.009] and in Aβ42 [X2= 8.096, p= 0.044] in hippocampus were detected. 
Aβ40 levels in the hippocampus were higher in transgenic animals than in wild mice. 
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Similar differences were detected in Aβ42 between Al-treated wild and transgenic mice. 
On the other hand, no significant differences between groups were detected in Al 




 The present study was aimed to evaluate the effects of high oral doses of Al 
lactate, given to wild and Tg2576 mice for 210 days, on motor activity and anxiety-like 
behavior, as well as the effects on Aβ peptide levels and Al accumulation in brain. The 
used mice have different genetic susceptibility to develop AD. The current results 
demonstrated a higher arousal and greater activity in control transgenic animals, which 
was evidenced by eating/drinking frequency. These results agree with previously 
reported data, which showed an increase of locomotor activity in Tg2576 mice using the 
open-field test (Gil-Bea et al., 2007). In the present investigation, palpebral closure was 
observed in Tg2576 animals, corroborating that this is a measure of autonomic 
instability, as well as a sign of distress (Hermes et al., 2008). Since AD has been 
associated with a wide variety of dysautonomic phenomena, it could be an important 
marker in preclinical stages of AD (Royall, 2008).  
 In this investigation, we also observed that 11 mg/g of oral Al lactate given 
during 180 days increased the time spent in the center of the open-field, the vertical 
activity, as well as the ratio of distance traveled in the center. It indicates anxiolytic 
effects of chronic oral Al lactate administration at high doses, similarly to what happens 
with Al chloride given orally to rats. Recently, it has been demonstrated that Al chloride 
increased the number of entries and the time spent in the open arm in an elevated plus 
maze after two months of exposure (Bhalla et al., 2010). A previous study also indicated 
an increase of motor activity and head-dipping in mice treated with Al chloride (Rebai 
and Djebli, 2008).  
 Anxiolytic effects of Al observed in the open-field were also detected in the 
light/dark box test. Both Al-exposed groups, especially wild mice, spent less time in the 
dark compartment, crossing more times. Similarly, orally exposed rats to Al chloride 
from gestation until 4 months of age, showed a decrease of time spent in the dark box 
(Erazi et al., 2010). It suggests that this effect may be due to the influence of Al on 
GABAergic neurotransmission, as some studies indicated that Al chloride administered 
intraperitoneally to rats increased GABA levels in the thalamic area and in the 
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neocortex (Nayak and Chatterjee, 2001; Shuchang et al., 2008). It is important to 
remark that untreated Tg2576 mice showed a longer latency to the light compartment, 
while they spent a longer time in the dark compartment. However, when using the 
elevated plus-maze, Tg2576 mice showed lower anxiety levels than their littermates 
(Lalonde et al., 2003; Ognibene et al., 2005). Differences between tests could reflect 
different emotional aspects (Ramos et al., 2008). 
 Since an age-related accumulation of both senile and diffuse Aβ plaques in 
neocortex and hippocampus from 12-13 months of age have been described (Apelt and 
Schliebs 2001; Callahan et al. 2001; Braakman et al. 2006), as expected, higher Aβ40 
and Aβ42 levels, and greater number of plaques, were found in transgenic mice. Senile 
plaques were recorded more clearly in the cerebral cortex, while higher levels of the Aβ 
isoform 1-40 were found. These results agree with those of a previous study also with 
Tg2576 mice, in which especially increased Aβ40 levels, as well as greater number of 
plaques in the cortex after 12 months of age, were observed (Pratico et al., 2001).    
 On the other hand, the current results showed a slight decrease of Aβ42 in Al-
exposed transgenic mice. However, the differences did not reach the level of statistical 
significance. This was also observed in our previous study (Ribes et al., 2008), where 
dosage and time of Al exposure were lower. In relation to this, the results of studies 
conducted both in vivo and in vitro show differences. Thus, some studies indicated that 
Al exposure increased and caused aggregation of Aβ. In this sense, the primary cultured 
neurons of rat exposed to Al chloride for more than three weeks, and Tg2576 mice 
receiving a diet supplemented with Al during 9 months, produced accumulation of β-
amyloid protein, increases in Aβ levels, and accelerated plaque deposition, respectively 
(Kawahara et al., 2001; Pratico et al., 2002). However, higher concentrations of Al 
sulfate failed to evidence any significant effect on Aβ levels in murine neuroblastoma 
and rat glioma cell cultures. Moreover, exposure to drinking water supplemented with 
Al lactate for ten weeks in young mice, did not significantly alter the Aβ40 levels 
(Campbell et al., 2000, 2004).  Consequently, further studies are clearly needed in order 
to investigate the relationship between Al exposure and Aβ aggregation.  
 With regard to cerebral Al accumulation, the present results did not show 
differences between groups, similarly to previous studies carried out in rats (Gomez et 
al., 1997; Golub et al., 2000; Colomina et al., 2002). In a recent investigation performed 
in our laboratory (data not published), we observed an increased brain Al accumulation 
in all experimental groups. In the current study, a lower Al dose (1 mg/g) given during a 
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more reduced time (100 days) was used. Our results suggest that Al accumulation 
depends on the animal age rather than the Al dose.W ith respect to it, there is some data 
suggesting that Al accumulates in human brains with age (Golub et al., 2000). It should 
be also taken into account that some studies demonstrated that the administration route 
and the chemical Al form could result in diverging Al accumulation in tissues including 
cerebral regions (Dlugaszek et al., 2000; Sanchez-Iglesias et al., 2007).  
 In conclusion, dietary exposure to high oral doses of Al lactate during 210 days 
caused anxiolytic effects in mice independently on the genetic vulnerability to AD. 
Moreover, oral Al exposure would affect neither the levels of beta-amyloid 1-40 and 1-
42, nor the number of plaques. It suggests that Al brain accumulation is dependent on 
the age rather than the Al doses. 
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 Table 1. Functional observational battery (FOB) 
 
Home cage Observer’s hand  Other measures 
Posture (M) Initial response (M) Approach response (M) 
Arousal (M) Hand reaction (M) Touch response (M) 
Rearing (N) Salivation (M) Click response (M) 
Eating/drinking (N) Lacrimation (M)  
Grooming (N) Piloerection (Y/N)  
Climbing (N) Fur appearance (Y/N)  
Abnormalities (D) Palpebral closure (M)  
D = descriptive, M = measured value, N = number, Y/N = yes/no declaration 
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  Control Wild Al Wild Control Tg Al Tg
 
 
Fig. 1. Arousal level (A) and eating/drinking behavior (B) of mice obtained from the 
Functional Observational Battery (FOB). Different letters indicate significant (P < 0.05) 
differences between groups. Data are expressed as means ± S.E.M.  
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Fig. 2. Time spent in the center of the open-field (A), velocity (B), and distance traveled 
(C) in the center of the open-field at different fractions of time over 20 minutes.  
Different letters indicate significant (P < 0.05) differences between groups. Data are 
expressed as means ± S.E.M.
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Control Wild Al Wild Control Tg Al Tg
 
Fig. 3. Behavior in the light/dark box test: number of transitions between compartments 
(A) latency to the light compartment (B) and total time in the dark compartment (C). 
Different letters indicate significant (P < 0.05) differences between groups. Data are 
expressed as means ± S.E.M. 
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Fig. 4. Number of β-amyloid plaques in Tg2576 mice. Data are expressed as means ± 
S.E.M. Different letters (a,b) indicate significant differences between areas within the 































































Control Wild Al Wild Control Tg Al Tg 
 
Fig. 5. β-amyloid (1-40) and (1-42) levels in cortex and hippocampus of mice . Data are 
expressed as means ± S.E.M. * Significant differences at P <  0.05. 
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Control Wild Al Wild Control Tg Al Tg 
 
Fig. 6. Aluminum accumulation in brain (μg/g). Data are expressed as means ± S.E.M. 
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a  dosis  elevades  de  lactat  d'Al  (11 mg/g  de  pinso)  durant  9 mesos.  En  aquesta  fase  es  va 
avaluar  els  processos  cognitius  (aprenentatge  i  memòria)  d'animals  vulnerables  i  no 
vulnerables en el laberint aquàtic de Morris utilitzant un protocol modificat per tal de trobar 
un  model  més  acurat  que  ens  permetés  demostrar  els  efectes  deleteris  de  l'Al  en  aquests 
processos.  En  línies  generals  aquest  protocol  va  consistir  en  allargar  els  dies  de  la  fase 




  D'acord  amb  la  hipòtesi  de  treball  de  l’estudi  en  aquesta  fase  experimental  es  van 
observar efectes nocius clars de l'Al tant a nivell cognitiu, en la neurogènesi i en els nivells de 
la proteïna β‐amiloide 1‐42. Pel que  fa a  l'aprenentatge en el  laberint aquàtic,  l'exposició al 
metall afecta de manera significativa l'execució de la població de ratolins transgènics. Tenint 
en  compte  la  neurogènesi,  l'exposició  a  dosis  elevades  d'Al  durant  9 mesos  va  produir  un 
increment  de  la  proliferació  en  el  grup  d'animals  no  vulnerables  genèticament  exposats  al 
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Epidemiological and clinical data indicate a potential link between Al exposure and 
Alzheimer’s disease (AD). Recently, we showed limited effects of different Al doses 
given orally for 3 and 6 months, to a transgenic mouse model of AD, Tg2576. In the 
present study, the effects of a high dose of oral Al were evaluated in Tg2576 mice. 
Wild-type and Tg2576 mice received a diet supplemented with Al lactate at 0 and 11 
mg/g for 300 days. At 15 months of age mice were evaluated for learning and memory 
in a modified water maze test, and subsequently mice were injected with bromo-
deoxyuridine to study cell proliferation, survival and differentiation in the hippocampus. 
Aβ levels were also measured in brain cortex and hippocampus.  Results showed an 
impaired retention in Al-exposed mice, an increased cellular proliferation in wild-type 
animals and an increase in Aβ1-42 levels in brain of Tg2576 exposed mice. These 
results indicate that exposure to high doses of Al impairs cognition and increases 
biochemical signs of AD. 
 
Keywords: Alzheimer Disease; Aluminum; Mice; Beta-Amyloid Protein; Learning; 
Memory, Hippocampus; Neurogenesis   
Running Title: Aluminm and Alzheimer’s disease in Tg2576 mice 
 
UNIVERSITAT ROVIRA I VIRGILI 
EFECTES NEUROCONDUCTUALS DE L'EXPOSICIÓ ORAL A ALUMINI EN UN MODEL ANIMAL DE LA MALALTIA D'ALZHEIMER 
Diana Ribes Fortanet 




Alzheimer’s disease (AD) is characterized by behavioural and personality changes, as 
well as a cognitive progressive impairment associated with the disease are well 
documented. Clinical phenotype, are accompanied by three main neuropathological 
hallmarks: diffuse loss of neurons; intracellular protein deposits, termed neurofibrillary 
tangles (NFT) consisting of hyperphosphorylated tau protein; and extracellular protein 
deposits termed amyloid (Aβ) or senile plaques, surrounded by dystrophic neurites 
(Leslie, 2002, Torreilles and Touchon, 2002).  
In spite of the prominent amyloid cascade hypothesis, the etiologic role of amyloid in 
non familiar AD as the only age related-cause is questionable. In general it is accepted 
that several risk factors accumulated over years challenge the integrity of the brain and 
contributes together with ß-amyloid disfunction to the onset and progression of the 
disease. An important question is which are those environmental factors and to which 
extent are they contributing to the onset and progression of the disease? In this sense, 
some studies have focused on a putative link between dietary exposure to Aluminum 
(Al) and neurodegenerative disorders (Frisardi et al., 2010). This link is supported by a 
number of clinical (Wills and Savory, 1989, Yumoto et al., 2009) occupational 
(Riihimaki et al., 2000) and epidemiological evidences (Flaten, 1990, Rondeau et al., 
2009). Moreover, some anatomopathological findings in the brain of AD patients 
(Walton, 2006, Yumoto et al., 2009) and some experimental studies (Pratico et al., 2002, 
Ribes et al., 2008, Walton and Wang, 2009, Ribes et al., 2010) have also provided links 
between Al and AD.  
In recent years, the availability of transgenic mice models is providing new data to 
better understand the effects of environmental exposure to Al. In this sense, the Tg2576 
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mouse model was developed  in 1996 (Hsiao et al., 1996), the model carries the double 
mutation K670M/N671L of the humanAPP gene (APPswe) which is responsible for an 
early familiar form of AD found in a Swedish family and has been the most widely used 
experimental AD model. The human form of the β-amyloid is more reactive, and more 
prone to form agregates than the rat form when complexed to Al  (Drago et al., 2007). 
Aluminum (Al), has a low absorption and a good renal elimination, and it is extensively 
used. However, some factors such as nutritional deficits and renal failure can contribute 
in increasing Al absorption and accumulation. Aluminum is a neurotoxic element that 
can contribute to cognitive deficits and dementia after accumulation in brain (Kawahara, 
2005). However, it has not yet been stablished which are the levels needed to induce 
functional brain deficits (Domingo, 2006). It has also been reported that Al induces APP 
expression and aggregation of the Aβ protein  (Zatta et al., 2009), as well as disruption 
of synapse formation and remodelling (Colomina et al., 2002, Pratico et al., 2002, 
Banks et al., 2006) among neurons. Moreover, Al has been detected in neuritic plaques 
and tangle-bearing neurons, suggesting the involvement of this metal in the 
pathogenesis of AD (Miu et al., 2003, Yumoto et al., 2009).  
Adult neurogenesis is modulated by a very wide ranged of intrinsic (growth factors, 
neurotransmitters, hormones, etc.) and extrinsic (learning, enriched environment, etc.) 
factors (Abrous et al., 2005, Ming and Song, 2005, Lledo et al., 2006). In 
neurodegenerative diseases, neither the course of neurogenesis during the 
neurodegenerative processes nor the functional significance of neurogenesis in 
neurodegeneration is well understood. Some studies point at a possible compensatory 
mechanisms by which AD patients increase cell proliferation at early stages (Brazel and 
Rao, 2004, Jin et al., 2004a). Indeed, An increase in cell proliferation have also been 
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reported in relation to acute brain injuries such as ischemia, stroke, seizures or trauma 
(Zhang et al., 2008 ) 
 
In recent studies performed in our laboratory, we found subtle spatial learning 
impairments by either low or high doses of Al administered orally for 3 or 6 months to  
Tg2576 mice (Ribes et al., 2008, Ribes et al., 2010). In those experiments, Al exposure 
did not increase β-amyloid levels in brain while cell proliferation was increased only in 
transgenic mouse at 11 months of age after 3 months of low doses of Al (Ribes et al., 
2008). The aim of the present study was to assess in Tg2576 mice whether Al could 
accelerate the onset of AD. Tg2576 animals and their respective control wild-type mice 
were exposed to a high Al dose for a prolonged period of time and the changes in 
cognitive functions (learning and memory), Aβ levels and hippocampal neurogenesis 
were measured.   
 
Materials and methods 
 
Animals and Treatment  
After authorization from Taconic Europe (Ejby, Denmark), Tg2576 male mice were 
bred with C57BL6/SJL females. At 2 months of age, genotyping of the offspring for the 
APP transgene was performed using DNA obtained from tail biopsies. Polymerase 
Chain Reaction (PCR) products were sequenced to confirm the presence of human APP 
DNA sequence in the offspring. Male mice were then separated into transgenic and 
wild-type. Transgenic (Tg2576) and wild-type male mice were individually housed in 
plastic cages in an animal room, which was maintained at a temperature of 22 ± 2 °C, a 
relative humidity of 50 ± 10%, and a 12-h light/dark automatic light cycle (light: 08:00–
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20:00 h). All animals were allowed free access to a typical rodent chow (Harlan, 
Barcelona, Spain) and tap water until 5 months of age. At that time, control mice 
received rodent chow, while Al-treated animals were fed for 300 days with rodent chow 
supplemented with Al lactate at 0 and 11 mg/g of food, which means 0 and 1.11 mg of 
Al/g, respectively. Aluminum concentrations were measured in the regular chow (27.1 
µg/g), in the supplemented chow (1107.5 µg/g), and in tap water (14.0 µg/l). The 
experimental groups were distributed as follows: control wild-type (Control Wild, 
n=16), Al-treated wild (Al Wild, n=12), control transgenic (Control Tg, n=12), and Al-
treated transgenic (Al Tg, n=12). Body weight, food intake, and water consumption 
were measured once a month during the entire treatment period. The protocols of the 
study were approved by the Animal Care and Use Committee of the “Rovira i Virgili” 
University (Tarragona, Spain). 
 
Morris Water Maze  
After 9 months of Al exposure (5 months of age at the beginning of testing), spatial 
learning in a Morris water maze (MWM) was evaluated. Animals were 14 months old  
at the end of the behavioral testing. The water maze consisted of a circular tank 
(diameter, 1m; high, 60 cm), divided virtually into four quadrants. An escape platform 
(10 cm of diameter) was located 1 cm below the water surface in the target quadrant. 
The acquisition period was ten days. Each daily training session consisted of two 
training trials with four pseudo-random start positions. If a subject did not find the 
platform in 120 sec, it was guided to the platform by the experimenter, remaining on the 
platform for 30 sec. The time inter-trials was 1.30 hr. To avoid proximal cues and 
prevent egocentrical learning, an internal mobile wall was added to the maze, and the 
wall was randomly moved between trials. To evaluate the retention of the task, 3 probe 
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trials were carried out before the training session on acquisition days 5, 7, 9 and another 
one 72 hours after the last training session. The probe trials consist in 60 sec of free 
swim without the escape platform.  
Animal performance was recorded by a video camera placed above the maze. Data were 
analyzed by a computer assisted tracking system Etho-Vision® (Noldus Information 
Technologies, Wageningen, The Netherlands). The latency to find the escape platform, 
distance traveled, and swim velocity during the training sessions were measured. During 
the probe trials, total time spent in the target quadrant, and the time spent in the other 
quadrants were measured to compare the time searching in the target quadrant to the 
average time spent in the other quadrants. 
 
Bromo-Deoxyuridine Administration and Sample Collection  
To determine cell proliferation, survival, and differentiation in the dentate gyrus, two 
days after behavioral testing, (6-8 mice for group) were intraperitoneally injected with 
5-bromo-2-deoxyuridine (BrdU) (Sigma, Steinheim, Germany) at 100 mg/kg/day during 
two consecutive days. One and 28 days after the last BrdU injection, animals were 
anesthetized with xilacine (10 mg/kg) and ketamine (100 mg/kg), and perfused 
transcardially with 0.1M phosphate-buffered saline (PBS). Brains were rapidly removed 
from the skulls and divided coronally by free hand into three sections. The medial 
section containing the whole hippocampus formation was post-fixed for one day at 4ºC 
in 4% paraformaldehyde. Brains were transferred to 30% sucrose in PBS solution for 48 
hr at 4ºC and then snap frozen in isopentane. Serial coronal sections, 40 μm thick, were 
cut with a cryostat and collected according to a fractionator principle (West et al., 1991). 
Samples were stored at -20ºC in a cryoprotection buffer (40% phosphate buffer 0.1M, 
30% glycerol, and 30% ethylene glycol) until immunostaining. 
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One out of six sections was taken for biotinylated-BrdU immunostaining. Free-floating 
coronal sections of brain were rinsed in Tris-buffered saline (TBS) and inactivated for 
endogen phosphatase activity in 0.6% H2O2-TBS. Sections were then treated for DNA 
denaturation incubating in 2M HCl at 37ºC and rinsed in 0.1M sodium borate buffer. 
Sections were blocked in TBS-Plus containing 3% normal goat serum and 1% Triton-X 
in TBS for 30 min. Antibody against BrdU (Serotec, Oxford, UK) was diluted 1:500 in 
blocking buffer and incubated overnight at 4°C. Tissue sections were then washed with 
TBS-Plus and incubated with secondary antibody (biotinylated anti-rat IgG, 1:500, 
Vector Laboratories, Burlingame, USA) for 2 h. After additional washes, the secondary 
antibody was detected using the avidin-biotin complex reaction (ABC Elite Kit, Vector 
Laboratories, Burlingame, USA). Diaminobenzedine (Vector Laboratories, Burlingame, 
USA) was used as chromogen. Sections were thoroughly washed, mounted, and cover 
slipped.  
For triple-labeling immunofluorescence primary BrdU (Serotec, Oxford, UK), 
NeuN (Chemicon International, Temecula, USA) and GFAP (Sigma, Saint Louis, USA) 
antibodies were used. After pre-treatment (see above) and a blocking step with TBS-
Plus containing 3% donkey serum, sections were incubated in a mixture of antibodies 
against BrdU (1:500), NeuN (1:200), and GFAP (1:160) for 48 h at 4°C. After washing 
in TBS and TBS-Plus, a cocktail of secondary antibodies (1:250) was applied for 4 h at 
room temperature in order to detect BrdU, NeuN, and GFAP (Alexa Fluor 488, 568 and 
660; Fisher Bioblock Scientific, Madrid, Spain). Sections were again washed, mounted, 
and cover slipped.  
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One out of every six sections (a total of ten coronal sections per mouse) were 
taken for double immunofluorescence staining for Aβ and GFAP labeling. The sections 
were rinsed in TBS and inactivated for endogen phosphatase activity in 0.6% H2O2-TBS. 
Sections were blocked in TBS-Plus containing 3% normal goat serum and 1% Triton-X 
in TBS for 30 min. The antibodies monoclonal anti-Aβ (1:500, Sigma, Saint Louis, 
USA) and GFAP (1:250, Sigma, Saint Louis, USA) with blocking buffer were 
incubated for 48 hr at 4°C. To detect β-amyloid plaques and GFAP (Alexa Fluor 568 
and 660; Fisher Bioblock Scientific, Madrid, Spain), a cocktail of secondary antibodies 
(1:250) was then applied for 4 hr at room temperature. Sections were again washed, 
mounted and coverslipped. 
 
Quantification of BrdU Positive Cells  
Data for proliferation were obtained by using methods of unbiased stereology. The total 
number of BrdU positive cells in the granular cell layer and hilus of the bilateral entire 
hippocampus were exhaustively counted in one out of 6 serial coronal sections of the 
brain. The set of selected sections represents one-sixth of the whole hippocampus, being 
representative of the total hippocampus. Positive cells were counted by means of optic 
microscopy (Olympus, CH20) through a 100× objective. Cells in the uppermost focal 
plane were discarded to avoid counting twice cells cut in two parts (Encinas and 
Enikolopov, 2008). The estimation of the total number of BrdU positive cells was 
obtained by multiplying the total number counted by 6, and reported as total number of 
cells.  
To study survival and differentiation, fluorescence signals were observed by 
means of Nikon T2000E laser-scanning confocal microscopy. The total number of 
BrdU positive cells, as well as the total number of BrdU-NeuN and BrdU-GFAP cells in 
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dentate gyrus, and hilus of both right and left hippocampus, were exhaustively counted 
in one out of 6 serial coronal sections. Estimation of the total number of BrdU, Brdu-
NeuN and BrdU-GFAP was obtained by multiplying each value by 6. Data are here 
presented as the percentage of BrdU-NeuN or BrdU-GFAP out of the total number of 
BrdU positive cells.  
 
Quantification of Aβ plaque  
 
The total number of Aβ deposit was counted in parietal and temporal cortex surrounding 
hippocampus and in hippocampus of each animal. The total number of plaques in the 
entire hippocampus was exhaustively counted in one out of 6 serial coronal sections of 
the brain. The set of selected sections represents one-sixth of the whole hippocampus, 
being representative of the total hippocampus and one-sixth of the whole parietal and 
temporal cortex. Plaques were counted by means of Nikon T2000E laser-scanning 
confocal microscopy. Plaques in the uppermost focal plane were discarded to avoid 
counting twice plaques cut in two parts (Encinas and Enikolopov, 2008). The estimation 
of the total number of plaques was obtained by multiplying the total number counted by 
6, and reported as total number of plaques.  
 
Aβ quatification  
Cerebral cortical tissue (n=10-12 per group) were homogenized in 0.8 ml of 5M 
guanidine HCl and 50 mM tris buffer, and centrifuged at 100,000 × g for 1 hr at 4 °C. 
The β-amyloid peptides present in the supernatant were analyzed using a sandwich 
ELISA system for either Aβ1-40 levels or Aβ1-42 levels commercially obtained from 
Biosource (Barcelona, Spain), according to the manufacturer's protocol.  
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Behavioral data were analyzed by a two-way ANOVA (genotype x Al treatment). 
Repeated measures multivariate analysis of variance using the day as the within–subject 
factor, were also used when appropriate. One-way ANOVA and post-hoc Tukey test 
were used to analyze differences between groups. Analysis for variance homogeneity 
using a Levene test was performed. Kruskal-Wallis test, and the Mann-Whitney U-test 
where also used when necessary. Significance was set at p < 0.05. 
 
Results 
Spatial Learning in the Water Maze 
Acquisition 
Acquisition of the water maze task over days was analyzed by a two-way ANOVA for 
repeated measures in order to assess any effect or interactions of Al exposure and 
genotype factors, on the escape latency, and distance traveled to find the platform 
(Figures 1 and 2, respectively). An overall effect of genotype [F(1,48)= 10.808, p = 
0.002] and significant interactions between the acquisition day, genotype and treatment 
[F(9,40)= 3.810  p = 0.002] were observed on escape latency. An overall effect of 
genotype [F(1,48)= 14.554, p < 0.001], as well as significant interactions between 
acquisition day and genotype [F(9,40)= 2.943  p = 0.009], acquisition day and treatment 
[F(9,40)= 3.075  p = 0.007] and acquisition day, genotype and treatment [F(9,40)= 
2.776  p = 0.013] on swam distance to the platform were also observed.   
Since the variances were not homogeneous, we used the nonparametric Kruskal-Wallis 
test to analyze differences between groups in each day of the acquisition period.  
Significant differences between control wild-type and control transgenic group in 
escape latency were noted from day 5 to the end of the acquisition period. In turn, 
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differences between control wild-type and transgenic mice exposed to Al were found 
from acquisition day 2 to the end of the acquisition period (Figure 1).  
 
Insert Figure 1 
 
With respect to the distance traveled, the nonparametric Kruskal-Wallis test also 
showed differences between wild-type control group and the transgenic groups for the 
whole acquisition period (except on day 1). In this parameter, exposed wild-type mice 
also showed differences when compared to transgenic mice exposed to Al from days 3 
to 7 (Figure 2).  
 
Insert Figure 2 
 
It is important to note that during the acquisition period, differences are mainly related 
to genotype effects. However, Al-exposed mice showed a trend towards a worse 
performance during acquisition when compared to their respective controls. This effect 
of the tretament is supported by a significant interaction between genotype and 
treatment observed in repeated measures analysis. 
 
Retention 
To evaluate retention of the task, various probe trials without the platform were 
performed before acquisition sessions on days 5, 7, 9 and 72 hr after the last acquisition 
session. On day 5, some differences between groups were noted. A significant retention 
was observed by acquisition day 9, twenty four hours after the 16th training trial (Figure 
3). 
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A probe trial performed on acquisition day 5, 24 hr after the 8th acquisition trial, showed 
some differences on retention. A two-way ANOVA (Al treatment x genotype) showed 
significant treatment effects on distance moved in the target quadrant [F(1,48)= 4.231, p 
= 0.045]. A one-way ANOVA showed significant differences between groups on 
distance moved in the target quadrant [F(3,48)= 3.172, p = 0.032], the post-hoc Tukey’s 
test indicated significant differences between control wild-type and transgenic mice 
exposed to Al. On acquisition day 7, 24 hr after the 12th acquisition trial, all groups 
performed similarly. No differences in time or distance were observed. Significant 
treatment effects were noted again on acquisition day 9. A two-way ANOVA (Al × 
genotype) showed an overall effect of treatment in the time searching in the target 
quadrant [F(1,48)= 4.579, p = 0.037]. This effect consisted in a worse retention in Al-
exposed mice, but no significant differences between groups were observed (Figure 3). 
No other effects, either of treatment or genotype, were detected. A paired T-test was 
used to analyze differences in time and distance moved in the target quadrant compared 
to the other quadrants. Regarding time, differences were found in both control wild-type 
(p = 0.024) and control transgenic (p < 0.001) mice, while Al-exposed groups did not 
show significant differences indicating a poorer performance. For distance, significant 
differences were observed in control wild-type (p = 0.015), Al-exposed wild-type (p = 
0.016) and control transgenic (p = 0.002) mice. 
 
Insert figure 3 
 
With regard to the last probe trial performed 72 hr after acquisition, no effects of 
genotype or Al treatment were observed on distance or time spent in the target quadrant. 
However, differences in time and distance traveled were noted when the data recorded 
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in the target quadrant were compared by a paired T-test with the data in the other 
quadrants. With respect to time, differences were observed in control wild-type group (p 
= 0.024) and Al-tretaed wild-type mice (p = 0.037), while in the distance traveled 
differences were noted in control wild-type group (p = 0.003), control transgenic mice 
(p = 0.049), and Al-exposed wild-type mice (p = 0.025) (Figure 4). The only group not 
significantly spending more time or covering more distance in the target quadrant was 
that of transgenic Al-exposed mice.  
 
Insert figure 4 
 
Differences on swimming velocity in the target quadrant and in the whole pool were 
analyzed by a two-way ANOVA (Al treatment x genotype). Regarding swim velocity 
on the target quadrant during probe trials, a two-way ANOVA (Al treatment x genotype) 
showed treatment effects on acquisition day 5 [F(1,48)= 7.179, p = 0.010], and 72 hr 
after the last acquisition session [F(1,48)= 7.511, p = 0.009]. An interaction between 
genotype and treatment was also observed on day 5 [F(1,48)= 5.962, p = 0.018]. 
Genotype effects were also observed for swim velocity on the probe trial performed on 
acquisition day 7 [F(1,48)= 5.682, p = 0.021]. Moreover, significant differences 
between groups in swim velocity were observed on acquisition day 5 and 72 hr after the 
last acquisition session. These differences were mainly due to a low velocity in the 
target quadrant in transgenic Al-exposed mice (Figure 5).  
 
Insert figure 5 
 
Neurogenesis 
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Data analysis by two-way ANOVA (Al treatment × genotype) showed an effect of 
genotype [F(1,14)= 10.028, p= 0.009)], Al treatment [F(1,14)= 10.028, p= 0.020)] and 
an interaction between Al treatment and genotype ([F(1,14)= 10.028, p= 0.009)]. 
ANOVA test revealed differences among groups [F(3,14)= 9.952, p= 0.002)]. Post-hoc 
Tukey test showed that Al-treated wild-type mice had more proliferation than the 
remaining groups (Figure 6). 
 
Insert figure 6 
 
Survival and differentiation  
The results of the survival and differentiation of new born cells in animals sacrificed 28 
days after the last injection of BrdU showed neither effects of any factor (Al/genotype) 
or interactions, nor significant differences between groups (Table 1) (Figure 7). 
 
Insert figure 7 
 
Aβ levels and Aβ plaque 
A significant increase in Aβ42 levels measured by ELISA were detected in brain cortex 
samples [F(1,21)= 10.149, p= 0.005] of transgenic exposed mice, while no significant 
differences were observed in Aβ40 levels (Figure 8).. Regarding plaque quantification 
in brain cortex a non significant increase was observed in cortex of transgenic exposed 
mice.  (Figure 9).  
 
Insert figure 8 
Insert figure 9 
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The putative Al role in neurodegeneration is of notable concern considering its natural 
abundance, as well as its practically unavoidable human exposure in industrialized and 
developing countries. However, the investigation on the potential role of this metal in 
neurodegeneration shows evidences supporting or discarding this role. (Zatta et al., 
2002, Zatta et al., 2009). The use of mice models of neurodegeneration can provide 
additional information to clarify Al involvement in those processes.  
In previous studies performed in our laboratory, we evaluated the reference memory in 
Tg2576 mice using a water maze task. The experimental procedures have been 
progresively adapted to increase the sensitivity of the task (Ribes et al., 2008, Ribes et 
al., 2010). In the present investigation, we used an internal mobile wall surrounding the 
inner wall in the maze, to avoid proximal cues and to force the animal to generate a 
cognitive map using distal cues. Moreover, the trial duration (120 sec) and the number 
of trials (two per day) together with a 10 day acquisition phase make the task more 
sensitive. In addition, retention was evaluated in a series of trials performed during 
acquisition and at the end of the task. The present results in the acquisition phase of 
water maze showed that Tg2576 mice learned the task worse than wild-type animals did. 
This is consistent with the results found in previous studies performed in our laboratory, 
in which Tg2576 mice were tested at 9 and 13 months of age  (Ribes et al., 2008, Ribes 
et al., 2010), as well as with those reported by other authors (Watanabe et al., 2009). In 
the current study, we also observed interesting significant genotype treatment 
interactions, which indicate that Al affects the acquisition of the task in terms of 
worsening Al-exposed transgenic mice performance. On the other hand, we also 
observed Al effects on the retention of the task, being Al-exposed Tg2576 mice the 
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most affected these Al effects on retention were also observed after Al exposure to 
lower doses and shorter exposures (Ribes et al., 2008, Ribes et al., 2010).  
In spite of the genetic background and the neuropathological signs of AD, Tg2576 mice 
not always showed impairment in reference memory. King and Arendash (2002) found 
only subtle changes in reference memory in the water maze in Tg2576 evaluated at 
different ages (for instance, no differences in retention at 3, 9, 14 and 19 months were 
observed). Moreover, a recent review of data determining the extent of memory 
impairment in Tg2576 mice shows that APP(SWE) mice exhibit an age-dependent 
decline in memory. However, the effect was rather small when compared to non-
transgenic littermates (Reed et al., 2010). Our results in mice evaluated at 16 months of 
age showed consistent genotype differences between control wild-type and control 
trasgenic groups over the acquisition period. Results obtained along the different probes 
performed during the acquisition period showed some different effects over days. It is 
interesting to note that there were some retention differences on day 5 indicating that 
both control wild-type and control transgenic mice are better than Al-exposed mice at 
early stages of acquisition. However, on day 7 all groups performed similarly in the 
probe trial and treatment effect was not observed. On day 9, results were very similar to 
those observed 72 hr after the acquisition period, indicating some deficits in Al-exposed 
transgenic mice, which are the only group not showing a significant retention of the task 
when the distances in target quadrant were analyzed. This result is influenced by the 
swim velocity in the target quadrant, which is low in Tg2576 mice exposed to Al. 
According to the literature, a decreased velocity could be associated with systematic, 
nonspatial strategies, making this search less effective than a spatial strategy (Brody and 
Holtzman, 2006). Other authors suggested that a diminished velocity would indicate 
diminished motivation (Lubbers et al., 2007) or motor impairments (Block et al., 1993, 
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D'Hooge et al., 1997). However, since swim velocity in the whole pool was only 
significantly affected by genotype in one of the probe trials performed, with no 
differences between groups, it does not seem to be a consequence of either motor 
imparment or poor motivation.  
Taken together the current data on retention probes, it can be seen that both Al-exposed 
wild-type mice and Al-exposed transgenic mouse are able to remember after massive 
learning. Control groups, either transgenic or wild-type, showed good retention scores 
on day 9, although Al-exposed mice needed more trials to achieve similar scores. These 
results are in agrement with those observed in a previous study (Ribes et al., 2010), 
corroborating the deleterious effect of Al in reference memory. They can also be  
comparable to those observed in Al-exposed welders, where a neuropsychological test 
showed negative correlations between Al in blood and urine and test scores in 
visuospatial and attentional tasks (Akila et al., 1999, Riihimaki et al., 2000). Therefore, 
based on the results of our studies and data from other authors, it seems that a high 
exposure to Al is necessary to induce retention deficits. 
On the other hand, the current results indicated an increased cellular proliferation in 
brain hippocampus of mice exposed to Al for a prolonged period of time. An interesting 
temporal pattern can be observed analyzing together results obtained in previous 
experiments on Al and neurogenesis (Ribes et al., 2008, Ribes et al., 2010) and the 
present one. While low doses of Al for a limited (3 months) exposure period increased 
neurogenesis in Tg2576 Al-treated mice, at higher Al doses for a period of exposure of 
6 months showed a trend towards an increase in Al-exposed wild-type mice. In this 
study, when Al exposure occurred for a period of 9 months, a significant increase in cell 
proliferation in wild-type mice exposed to Al was observed. A plausible interpretation 
for these results could be that proliferation acts as a transient compensatory mechanism. 
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Interestingly, in spite of significant differences in proliferation, survival and neuron 
differentiation 28 days later were very similar between groups. It is worthy to note the 
presence of new cells expressing GFAP is evident only in Al-exposed mice either wild-
type or Tg2576, supporting a reactive astroglia response in these groups. In this sense  
the exposure of primary human cultured cells to very low doses of Al have been shown 
to contribute to inflammatory signaling pathway (Pogue et al., 2009). Previous studies 
found that neurogenesis is increased in some AD stages (Jin et al., 2004a, Jin et al., 
2004b, Yu et al., 2009), in fact Aβ is also implicated in inflammatory processes (Pogue 
et al., 2009).  Moreover, certain acute brain injuries such as ischemia, hypoxia, seizures, 
and trauma increase neurogenesis (Kokaia and Lindvall, 2003, Rice et al., 2003, Itoh et 
al., 2005, Overstreet-Wadiche et al., 2006, Qiu et al., 2007) suggesting that 
neurogenesis may act as a protective mechanism for the brain. In this sense, increased 
neurogenesis in young adult Tg2576 mice, before the onset of AD functional deficits, as 
well as a reduced neurogenesis in older animals have been reported (Lopez-Toledano et 
al., 2010). It has also been suggested the increased neurogenesis at young ages might be 
an early sign or neural marker of AD, which was detectable long before other harmful 
manifestation of the disease (Lopez-Toledano et al., 2010).  
It is possible that the increase in the phase of cell proliferation observed in Al-exposed 
mice can be due to a compensatory mechanism of the system to the harmful Al effects 
(which, as above discussed, would be able of altering various structures/biochemical 
processes), mechanism to fail in group genetically susceptible to developing 
Alzheimer’s disease. This compensatory mechanism would lead Al-exposed wild-type 
animals to show a learning set and memory similar to its control group.  
In the present study, we also found a significant increase in Aβ levels in Tg2576 mice 
exposed to Al. This finding is in agreement with results of a previous study by Pratico  
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(Pratico et al., 2002). Compared with our recent investigations (Ribes et al., 2008), it 
would indicate that both, a high dose of oral Al and a prolonged exposure, are necessary 
to obtain such increase. Several authors have provided data on Al and Aβ interactions 
that could explain such increase (Exley, 2006, Zatta et al., 2009).  
In summary, the results of this study show that Al induces retention deficits, produces 
transient reactive reaction in brain in terms of cellular proliferation, and when sufficient 
doses are administered for a long period of time, it may also increase Aβ levels in brain. 
Our results provided evidences supporting an Al role in both cognitive impairment and 
the progression of AD at later stages. 
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Figure 1. Mean escape latency (±SEM) over 10 acquisition days observed in the water 
maze. Kruskal-Wallis and the Mann-Whitney U-test were used for comparisons 
between groups. Pairs of groups are depicted for clarity. An asterisk indicates 
significant differences between pairs of groups, symbols §, ♠ indicate differences 
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§ Control-Wild ≠ Al-Tg♠ Al-Wild ≠ Control-Tg
 
Figure 2. Mean distance traveled (±SEM) over 10 acquisition days observed in the water 
maze. Kruskal-Wallis and the Mann-Whitney U-test were used for comparisons 
between groups. Pairs of groups are depicted for clarity. An asterisk indicates 
significant differences between pairs of groups, symbols §, ♠ indicate differences 
between groups from different pairs (p < 0.05). 
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Figure 3. Probe trials carried out after training sessions on days 5,7 and 9. Time (A) and 
distance traveled (B) in the target quadrant. A discontinuous line indicates the random 
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Figure 4. Probe trial carried out 72 h after the last training session. Time (A) and 
distance traveled (B) in the target quadrant with respect to other quadrants. A 
discontinuous line indicates the random time in all quadrants. Data are given as mean ± 
S.E.M. An asterisk indicates significant differences between the time spent or the 



















UNIVERSITAT ROVIRA I VIRGILI 
EFECTES NEUROCONDUCTUALS DE L'EXPOSICIÓ ORAL A ALUMINI EN UN MODEL ANIMAL DE LA MALALTIA D'ALZHEIMER 
Diana Ribes Fortanet 








































































































Figure 5. Swim velocity in the target quadrant (A) and in the pool (B) in the 4 different 
probes performed. Data are expressed as mean ± S.E.M. Different letters (a, b) indicates 
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Figure 6. (A) Estimate total number of BrdU positive cells (proliferation) in the 
hippocampus, 24h after the last injection of BrdU. (B) Image shows immunoperoxidase 
staining for BrdU positive cells in hippocampus and a magnification of a neurogenic 
niche. Data are expressed as mean ± S.E.M. An asterisk indicates significant differences 
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Figure 7. Survival and differentiation of new cells in hippocampus. (A) Indicates the 
estimated total number of BrdU positive cells, and the estimated total number of 
colocalization of BrdU-NeuN and BrdU-GFAP cells, 28 days after the last injection of 
BrdU. Data are expressed as mean ± S.E.M.(B) Image shows (1) triple labeling staining 
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Figure 8. Amyloid β levels in brains of Tg2576 control mice or exposed to Aluminum 
lactate quantified by ELISA (n= 10-12). An asterisk indicates significant differences 
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Figure 9. (A) Estimated number of amyloid β immunostained plaques in cortex and in 
hippocampus. Data are expressed as mean ± S.E.M. (B) Images show double 
immunostaining for amyloid β (red) and GFAP (blue), the distribution of amyloid β in 
cortex are shown in the top and a magnification showing an amyloid β plaque 
surrounded by GFAP positive cells (astrocytes) is shown in the bottom. 
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  L’alumini  és  l’element  metàl·lic  més  abundant  i  constitueix  al  voltant  del  8%  de 
l’escorça  terrestre.  Per  les  seves  propietats  fisico‐químiques  (lleuger,  fort  en  l’aleació  amb 
altres  metalls,  dúctil  i  mal·leable),  és  un  element  utilitzat  en  nombroses  aplicacions 
industrials.  La  principal  via  d’exposició  al  metall  per  a  la  població  general  és  el  consum 
d’aliments,  sobretot  dels  que  contenen  compostos  d’alumini  utilitzats  com  additius 
alimentaris. Malgrat  l’elevada  ingesta d’alumini,  la  seva absorció per part de  l’organisme és 
baixa i varia en funció de diversos paràmetres com el tipus de sal d’Al administrat, el pH (que 
influeix en  l’especiació  i solubilitat de  l’Al),  i els diferents  factors nutricionals que afecten  la 
biodisponibilitat  de  l'Al.  Sabem  però,  que  és  un  potent  neurotòxic  i  que  en  determinades 
situacions,  com  per  exemple  en  els  casos  d’insuficiència  renal  en  què  l’eliminació  està 
disminuïda,  aquest  element  pot  provocar  trastorns  com  l’encefalopatia  induïda  per  Al  en 
subjectes dialitzats.  
167     Efectes neuroconductuals de l’alumini en ratolins Tg2576 
 La  finalitat  d’aquest  treball  va  ser  avaluar  els  efectes  de  diferents  dosis  d’Al 
administrades per via oral, principal via d’exposició al metall en la població general, sobre la 
conducta  i  els  processos  de  plasticitat  neural  en  ratolins  transgènics  que  presenten  signes 
anatomopatològics i conductuals de malaltia d’Alzheimer. Amb aquest objectiu general, es van 
dissenyar  tres  fases  experimentals  diferents  que  avaluaven  els  efectes  de  0,  1  o  11 mg  de 
lactat d’Al/g de dieta després de 3, 6 i 9 mesos d’exposició, com hem presentat anteriorment. 
  Pel que fa a la conducta, varem valorar els efectes sobre l'activitat general, l'ansietat i 
els  processos  d'aprenentatge  i  memòria.  Els  efectes  sobre  l'activitat  i  l’ansietat  van  ser 
avaluats mitjançant el camp obert i la caixa de dos compartiments. Els resultats mostren que a 
mesura que s’incrementa l’edat dels animals  la seva activitat disminueix. Aquest fet ha estat 
observat  també  per  altres  autors  en  la  prova  de  camp  obert  en  rosegadors  i  en  animals 
Tg2576  (King  i  Arendash,  2002;  Altun  i  col·ls.,  2007).  Pel  que  fa  a  l’ansietat  els  nostres 
resultats  demostren  que  l’Al  té  efectes  diferencials  sobre  aquest  paràmetre  depenent  de  la 
dosi i del temps d’exposició. De fet, quan la dosi de lactat d’Al administrada via oral és baixa (1 
mg/g) i el període d’exposició és breu (3 mesos) no s’observen efectes en la prova del camp 
obert, però quan s’incrementa el  temps d’exposició (6 mesos)  i  la dosi (11 mg/g) tant en  la 
prova del camp obert com en la caixa de dos compartiments s’observen efectes ansiolítics del 
metall. El  fet de que en un altre estudi on van administrar durant 3 mesos una dosi elevada 
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d’Al  (50  mg/kg/dia)  aquest  presentés  efectes  ansiolítics  fa  pensar  que  és  el  factor  temps 
d’exposició  el  que modificaria  aquest  efecte  en  l’ansietat  (Rebai  i  Djebli,  2008).  Tal  vegada 
aquest  efecte  estigui  relacionat  amb  el  neurotransmissor  GABA,  ja  que  en  un  estudi  van 
observar  com  l’administració  oral  d’alumini  a  dosis  baixes  (5  o  10 mg/kg/dia)  durant  dos 
mesos  produïa  increments  en  els  nivells  corticals  del  neurotransmissor  GABA  (Goncalves  i 
Silva, 2007). 
168 
  Les  diferents  fases  experimentals  realitzades  en  aquesta  tesi  doctoral,  han  avaluat 
també  els  efectes  de  l’alumini  sobre  els  processos  d’aprenentatge  i  memòria  mitjançant 
diferents  protocols  d’adquisició  de  la  tasca  del  laberint  d’aigua  de  Morris,  el  que  ens  ha 
permès  trobar  resultats  força  interessants.  Els  rosegadors  poden  utilitzar  diferents 
estratègies  per  resoldre  la  tasca  del  laberint  d’aigua:  d’orientació,  de  guia,  cartogràfica  i 
d’integració  de  la  ruta  (D'Hooge  i  De  Deyn,  2001;  Vicens  i  col·ls.,  2003).  Les  diferents 
estratègies s’han relacionat amb diferents estructures cerebrals. La similitud entre les corbes 
d’aprenentatge  dels  grups  exposats  a  dosis  baixes  d’Al  durant  3  mesos  i  a  dosis  elevades 
durant 9 mesos unida als sorprenents resultats obtinguts en la segona condició experimental 
en la població de ratolins normal exposada a l'Al posa de manifest la importància del protocol 
utilitzat  en  cada  condició.  Així  doncs,  és  interessant  comparar  els  resultats  obtinguts  amb 
aquests dos protocols. Per una banda, la introducció d’una paret mòbil a l’interior del laberint 
en la primera i tercera fase experimental que suprimia els senyals proximals del  laberint va 
forçar que els animals per  trobar  la plataforma utilitzessin una estratègia cartogràfica en  la 
qual  mitjançant  claus  visuals  distals  configuren  una  representació  del  seu  entorn  (mapa 




experimental  (exposició  11  mg/g  de  lactat  d’Al  durant  6  mesos)  possiblement  es  van 
emmascarar  els  efectes  de  l’exposició  a  l’Al  en  la  població  de  ratolins  no  susceptibles  a 
desenvolupar l'AD. Es podria pensar que aquest fet està relacionat amb l’estructura cerebral 
implicada amb una i una altra estratègia utilitzada pels animals en funció del protocol. Si els 
animals  utilitzen  una  estratègia  de  tipus  guia,  és  possible  que  l’estructura  cerebral 
involucrada  en  aquest  tipus  d’aprenentatge  sigui  l’escorça  parietal,  implicada  en  el 
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capaç d’alterar  el  funcionament de  l’escorça parietal  en  el  grup de  ratolins wild  per  la qual 
cosa no s’observa deteriorament en aquest grup. A més a més, els resultats observats en els 
assajos de prova indiquen que la utilització d’aquesta estratègia no afavoriria el record de la 




  És  un  fet  reconegut  que  l’execució  en  el  laberint  aquàtic  empitjora  a  mesura  que 
s’incrementa  l’edat  dels  animals  (Sharma  i  col·ls.,  2010).  Tanmateix,  aquest  fet  però  no 
s’observa en els nostres estudis. A l’última condició experimental en la qual els animals tenen 
aproximadament 6 mesos més que en  la primera  fase  tots els grups experimentals mostren 
latències al final del període d’adquisició molt similars o fins i tot millors que les registrades a 
la primera condició experimental. Aquest fet pot ser explicat pel canvi en el protocol; allargant 
el  període  d’adquisició,  disminuint  el  número  d’assajos  per  sessió  a  dos  i  incrementant 
l’interval entre assajos. La distribució d’assajos al llarg del temps pot ser més efectiva perquè 
l’activació  de  cèl·lules  durant  un  període  de  temps més  llarg  permet  canvis  en  l’expressió 
gènica  i  promou  canvis  en  la  inducció  i  l'expressió  de  la  síntesi  de  proteïnes  (Sisti  i  col·ls., 
2007).  A  més,  s’ha  trobat  que  l’estimulació  tetànica  espaiada  indueix  una  expressió  més 
persistent  de  la  potenciació  a  llarg  termini  (Scharf  i  col·ls.,  2002).  En  un  altre  estudi  van 
observar com rates de 3 mesos d’edat entrenades en el  laberint aquàtic de Morris utilitzant 






tasca en comparació amb  la mitjana del  temps passat en els altres  tres quadrants. Aquestes 
dades demostren clarament efectes deleteris de l’Al en els processos de memòria. En aquest 
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sentit,  en  un  article  recent  realitzat  en  rates  exposades  oralment  a  clorur  d’Al  durant  tres 
mesos  es  va  observar  com  l'acumulació  d'Al  a  l'hipocamp  disminuïa  l'activitat  de  diverses 
kinases  involucrades  en  la  inducció  i  formació  de  la  potenciació  a  llarg  termini,  afectant  la 
memòria de les mateixes (Wang i col·ls., 2010). 
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ratolins  model  d'AD  (Tg2576).  Per  contra,  en  els  animals  de  14 mesos  d’edat  exposats  de 
manera perllongada a una dosi alta de lactat d’Al (11 mg/g) la major proliferació s’observa en 
el grup d’animals wild. Tal vegada  l’explicació a aquests resultats ens porti a comprendre  la 
proliferació  en  el  gir  dentat  de  l’hipocamp  com  un  mecanisme  compensatori  que  intenta 
mitigar els efectes nocius de l’Al. En aquest sentit, alguns autors proposen que els processos 
de neurogènesi són induïts per l’organisme davant de l’afectació cerebral que es produeix en 
les  fases  inicials de  la neurodegeneració (Ming  i Song, 2005; Klempin  i Kempermann, 2007; 
Thompson  i  col·ls.,  2008).  En  els  animals  genèticament  vulnerables  per  desenvolupar  l'AD 
l’exposició  breu  a  l’Al  engega  abans  aquest  mecanisme  mentre  que  en  la  població  no 
vulnerable genèticament aquest es posa en marxa quan els animals tenen més edat, després 
de  l’exposició perllongada a dosis elevades del metall. És com si engegar aquest mecanisme 
compensatori  depengués  de  la  vulnerabilitat  genètica  dels  animals  (la mutació  de  l’APP)  o 
dels danys produïts per l’exposició al metall, de manera que quan els danys s’agreugen ja no 
fóra  capaç  d’activar‐se  (recordem  que  a  l’última  fase  experimental  el  grup  de  transgènics 
exposats  són  els  que  menys  proliferació  presenten).  De  fet,  la  neurogènesi  registrada  en 
models  animals  de  malaltia  d’Alzheimer  amb  mutacions  en  la  proteïna  precursora  de 
l’amiloide és un paràmetre altament variable, ja que va des d’estudis on troben un increment 
de la neurogènesi en aquests models (Jin i col·ls., 2004a; Yu i col·ls., 2009) fins a d’altres que 
troben una  relació negativa  entre  els  dos  factors  (Haughey  i  col·ls.,  2002; Donovan  i  col·ls., 
2006;  Zhang  i  col·ls.,  2007;  Ermini  i  col·ls.,  2008).  En  concret,  respecte  al  model  animal 
Tg2576, un estudi  fet  fins al moment per avaluar  l’efecte de  l’aïllament sobre la proliferació 
cel·lular  i  la  deposició  de  plaques  d'Aβ  en  ratolins  transgènics  de  3,  6  i  9  mesos  d’edat 
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assenyala  un  descens  de  la  proliferació  cel·lular  en  el  gir  dentat  de  l’hipocamp 
independentment  de  la  deposició  de  plaques  de  beta  amiloide,  ja  que  aquest  decrement 
s’observa en totes les edats estudiades (Dong i col·ls., 2004). 
171     Efectes neuroconductuals de l’alumini en ratolins Tg2576 
  Des  que  a  l’any  2001  Shors  i  col·laboradors  van  comprovar  que  la  neurogènesi  a 
l’hipocamp està  involucrada en processos d’aprenentatge  i memòria molts més  treballs han 




podem  obviar  però,  que  els  resultats  obtinguts  en  diferents  estudis  sobre  els  processos  de 
neurogènesi  en models  animals d'AD han de  ser  extrapolats  als humans amb molta  cautela 
per  diverses  raons.  La  primera  és  la  divergència  de  resultats  entre  estudis,  segurament  a 
conseqüència de les diferents mutacions dels ratolins estudiats. En segon lloc, mentre que els 
models  animals  estan  basats  en  l’expressió  transgènica  de  gens  humans  portadors  de 
mutacions responsables de l'AD familiar, la majoria de casos d'AD en humans no són de tipus 
familiar. Per últim, els models transgènics no representen completament les característiques 









animals  són  més  vells,  respecte  a  les  altres  dos  fases  ens  fa  pensar  que  tal  vegada 
l’aprenentatge espaiat en el temps, amb un interval entre assajos més elevat sigui el causant 
de  que  les  xifres  es  mantinguin.  En  aquest  sentit,  en  un  estudi  relativament  recent  es  va 
observar  que  rates  de  20 mesos d’edat  amb  la memòria  espacial  preservada mostraven un 
major nombre de proliferació cel·lular  i de cèl·lules diferenciades a neurona en comparació 
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amb  rates  amb  la  memòria  espacial  afectada  avaluada  aquesta  amb  el  laberint  aquàtic  de 
Morris (Drapeau i col·ls., 2003). A més a més, rates joves entrenades en el laberint aquàtic de 
Morris  utilitzant  un  protocol  d’adquisició  al  llarg  del  temps  (4  assajos/dia  durant  4  dies) 
mostraven un augment de  la memòria així com un  increment en el número de cèl·lules que 
sobrevivien en comparació amb les rates entrenades de manera massiva (16 assajos en 1 dia) 
(Sisti  i  col·ls.,  2007).  En  un  treball  recent,  Tronel  i  col·laboradors  (2010)  apuntaven  que 
l’aprenentatge  espacial  incrementa  la  complexitat  de  l’arbre  dendrític  i  accelera  la 
diferenciació  de  les  noves  cèl·lules  cap  a  un  fenotip  de  neurona madura.  Tanmateix,  en  la 
segona fase experimental de la present tesi doctoral, malgrat que es registra un número elevat 
de cèl·lules que sobreviuen la quantitat de diferenciació a neurona madura és baixa en els dos 
grups de  ratolins wild. Aquest  fet ens  fa pensar que gran part de  les  cèl·lules que en aquell 
moment havien  sobreviscut  i  continuaven  sense diferenciar‐se  van  acabar morint  en major 









condició  experimental  apunta  a  la  importància  del  protocol  utilitzat  per  realitzar  la  tasca 
d’aprenentatge i memòria del laberint aquàtic. La utilització d’una tasca hipocamp‐depenent, 
la reducció dels assajos en cada sessió, així com l’augment dels dies d’adquisició i del temps 




en  el  nostre  estudi  podria  estar  propiciant  aquesta  LTP  a  l’hipocamp.  Aquesta  potenciació 
influiria en la ratio de producció i supervivència de les noves cèl·lules granulars nascudes ja 
que,  com han demostrat  altres autors,  l’aprenentatge espacial  incrementa  la  complexitat de 
l’arbre dendrític i accelera la diferenciació de les noves cèl·lules cap a un fenotip de neurona 
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madura  (Tronel  i  col·ls., 2010). Tot  i que  l'augment en  la proliferació cel·lular observat a  la 
tercera fase experimental podria estar relacionat amb els bons resultats observats en la tasca 
d'aprenentatge (en el cas que aquestes neurones sobrevisquessin i s'integressin en els circuits 








una  fracció  de  cèl·lules  GFAP  positives  expressen  nestina  (marcador  que  reconeix  a  la 
proteïna  tipus  IV  dels  filaments  intermijos,  expressada  en  les  cèl·lules  troncals  del 
neuroepiteli  primitiu),  i  suggeririen que aquestes  cèl·lules poden  constituir un  reservori de 
cèl·lules  indiferenciades que actuarien com a precursors neurals. A més a més, afirmen que 
l’astrogènesi es produeix paral·lelament i en algun grau independentment de la neurogènesi 
en adults (Wei  i col·ls., 2002; Filippov i col·ls., 2003; Steiner  i col·ls., 2004). El  fet de que en 
l’última condició experimental els únics grups que presentaren diferenciació a astròcits foren 
els  exposats,  corrobora  els  resultats  obtinguts  tant  en  estudis  de  cultiu  cel·lular  com  en 




en  l’expressió  de  la  GFAP estaria  associada  amb  la  gliosis,  una  resposta  inespecífica  del 
sistema  nerviós  central  davant  de  dany  neuronal.  Tot  i  així,  caldria  corroborar  aquesta 
suposició. 
  Pel  que  fa  als  efectes  de  l’Al  sobre  els  nivells  de  proteïna  amiloide  i  l’acumulació  de 
plaques  d’aquesta  proteïna,  vam  observar  que  l’exposició  a  dosis  baixes  de  lactat  d’Al  (1 
mg/g) administrat durant un curt període de temps (3 mesos) augmenta els nivells d'Aβ tipus 
1‐40  i  1‐42  en  els  grups  de  ratolins  transgènics,  però  l’exposició  a  l’Al  no  afecta  aquest 
paràmetre.  A  més  a  més,  quan  s’utilitzen  dosis  més  elevades  (11  mg/g)  i  un  període 
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plaques  a  l’escorça  cerebral  en  comparació  amb  l’hipocamp.  Els  nivells  de  beta  estarien 
augmentats en el grup de transgènics tractats en la forma 1‐40 a l’escorça, mentre que en la 
forma 1‐40 a l’hipocamp  i en  l'1‐42  tant a  l’escorça com a  l’hipocamp és el grup  transgènic 
control  el  que mostra majors  nivells.  En  aquest  cas,  com  en  la  primera  condició  els  nivells 
d'Aβ no s’eleven per l’exposició a l'Al. 
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  La  forma  1‐40  comprèn  aproximadament  el  90%  de  tota  l'Aβ  alliberada  des  de  les 
cèl·lules i sembla contribuir només en les fases més avançades de la patologia. La forma 1‐42 
compren aproximadament el 10% de l'Aβ secretada, i és el pèptid que es troba principalment 
en  les  plaques  amiloides  de  l'AD.  El  pèptid  Aβ  1‐42  s’agrega  i  es  polimeritza  en  fibrilles 
d’amiloide més fàcilment que l'Aβ 1‐40 i es pensa que és precisament aquesta propietat la que 
li  confereix  la  major  toxicitat  al  pèptid  (Verdile  i  col·ls.,  2004).  Tot  i  això,  el  número  de 
cabdells neurofibrilars és un índex que correlaciona millor amb els dèficits cognitius presents 
en els  casos de malaltia d’Alzheimer que no pas el número de plaques d’amiloide  (Turner  i 






  Els  resultats  en  aquest  camp  són  controvertits.  Existeixen  estudis  que  troben 
alteracions de la proteïna precursora d’amiloide després de l’exposició a l'Al tant en animals 
(Walton  i Wang,  2009)  com  en  cultius  cel·lulars  (Kuroda  i  Kawahara,  1994; Drago  i  col·ls., 
2007). En un estudi realitzat per Praticò i col·laboradors (2002) en ratolins Tg2576 exposats 
per  via  oral  a  Al  durant  6 mesos,  van  observar  resultats  similars  en  quant  a  l’augment  del 
pèptid Aβ 1‐40  tant en  còrtex  com en hipocamp als 12 mesos d’edat. El  factor determinant 
que  explicaria  les  diferències  entre  els  resultats  trobats  entre  aquest  estudi  i  el  nostre  en 
quant als efectes de l’Al en la quantitat dels nivells de la proteïna Aβ 1‐42 apunten a la dosi de 
l’Al  amb  la  qual  el  pinso  era  suplementat  i  que  no  va  ser  descrita  en  aquest  estudi.  En  un 
estudi recent fet en cultius hipocampals de rata per avaluar els efectes del quinat d’Al en els 
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nivells  de  beta  amiloide  no  es  va  observar  cap  relació  entre  els  dos  factors  (Nday  i  col·ls., 
2010). 
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  Tenint  en  compte  totes  les  fases  experimentals,  l’augment  del  pèptid  Aβ  1‐42  en  la 
tercera fase experimental en els animals Tg2576 exposats a Al podria estar relacionat amb la 
corba d’aprenentatge més lenta mostrada per aquest grup respecte al seu control, malgrat que 
no  existeixen  diferències  significatives  entre  ells.  La  proteïna  β‐amiloide  pot  afectar  la 
inducció  i  la consolidació dels processos de potenciació a  llarg  termini  (Chen  i col·ls., 2000; 
2002).  De  fet,  en  un  estudi  realitzat  per  Chapman  i  col·laboradors  (1999)  en  van  observar 
danys en la potenciació a llarg termini en ratolins vells amb la mutació Swedish. Aquest efecte 
pot  incrementar‐se per  l’exposició  a  l’Alumini  (Wang  i  col·ls.,  2010). Curiosament  també és 
aquest grup el que menys nombre de noves cèl·lules nascudes presenta 24 hores després de 
l’última  injecció  de  BrdU,  així  com  de  cèl·lules  diferenciades  a  neurona  madura.  És  un  fet 
reconegut que les noves neurones nascudes en adults expressen propietats que contribueixen 
a la potenciació a llarg termini en el gir dentat (Wang i col·ls., 2000; Schmidt‐Hieber i col·ls., 
2004;  Saxe  i  col·ls.,  2006),  aquest  és  un  mecanisme  sinàptic  en  el  qual  es  sustenta 
l’aprenentatge  i  la  memòria  (Martin  i  Morris,  2002).  A  més,  la  potenciació  a  llarg  termini 
influeix  en  la producció  i  la  supervivència de noves neurones granulars  (Bruel‐Jungerman  i 
col·ls., 2006). 
  El  contingut  d’Al  en  el  cervell  s’incrementa  entre  el  naixement  i  la  vellesa,  inclòs  en 
humans  no  demenciats,  i  la  seva  distribució  al  mateix  no  és  uniforme.  En  pacients  amb 
diagnòstic de malaltia d’Alzheimer s’ha observat presència d’Al en les neurones hipocampals 
(Walton, 2006) així com en les plaques senils (Yumoto i col·ls., 2009). La quantificació de l’Al 
en  mostres  biològiques  és  complexa  degut  a  la  ubiqüitat  del  metall.  En  aquest  sentit  els 
resultats trobats en les diferents fases experimentals realitzades en el present treball mostren 
un  augment  del  metall  en  tots  els  grups  experimentals  a  mesura  que  l’edat  dels  animals 
s’incrementa.  El  fet  de  que  l’augment  del  metall  es  produeixi  en  tots  els  grups  quan  els 
animals  tenen  11  mesos  d’edat  i  de  que  aquest  increment  sigui  substancial  respecte  a  la 
primera condició experimental fa pensar que l’acumulació del metall és un paràmetre temps‐
depenent.  De  fet  s’ha  observat  com  l’Al  s’acumula  en  cervells  humans  amb  l’edat,  sent  un 
paràmetre temps‐depenent (Golub i col·ls., 2000). 
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  Tot  i  que no podem oblidar que  la majoria de  casos diagnosticats d'AD  són de  tipus 
esporàdic i que la utilització d’un model animal de malaltia d’Alzheimer de tipus familiar no 
presenta totes les característiques patològiques observades a l'AD, els resultats obtinguts en 
la  present  tesi  doctoral  són  una  petita  peça  del  complex  trencaclosques  que  suposa  una 
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1. L’administració oral  a una dosi d'1 mg/g de dieta de  lactat  d’Alumini durant 3 mesos no 
produeix  efectes  a  nivell  conductual  en  la  població  de  ratolins  Tg2576  ni  en  els  seus 
respectius controls. 
179     Efectes neuroconductuals de l'alumini en ratolins Tg2576 















7.  Encara  que  els  nivells  de  pèptid  beta  amiloide  tant  de  tipus  1‐40  com  1‐42  es  van 
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BATERIA D’OBSERVACIÓ FUNCIONAL 
 
1- Observació a la seva pròpia gàbia  (1 min)  
 
El dia abans s’han d’escollir les gàbies a explorar perquè siguin visibles a l’observador sense 
moure-les. 
Material: Full de registre, cronòmetre (Annex C1) 
S’ha de realitzar sense moure la gàbia del rac on està localitzada i es farà durant un període de 1 
min.   
La conducta dels animals a la gàbia s’observa des d’una distància prudencial (20cm), posar el 
timer a 1 min i comptabilitzar el nombre de: 
Rearings o aixecaments verticals 
Vegades que menja 
Vegades que beu 
Vegades que realitza la conducta de grooming o conducta de neteja 
Vegades que escala a la reixa superior 
 
Condicions de la puntuació. 
1.Només comptabilitzar si les dues potes davanteres deixen de tocar el terra, dos rearings 
consecutius implica que les potes davanteres han arribat a tocar terra 
2.Es puntua menjar només si menja no si olora o juga amb el menjar  
3.Climbing es escalar a la reixa de la gàbia quan escala fa un rearing inicial que es computa com 
a tal.  
4.Estereotipies. Voltes, rearings rítmics, cercles. 




Observació a la seva pròpia gàbia (1 min) 
 SCORE Grup/ratolí Grup/ratolí Grup/ratolí Grup/ratolí Grup/ratolí 
1      
2      
3      
4      
5      
Postura 
Inicial 
6      
1      
2      
3      
4      
5      
Arousal 
6      
Rearings      
N. menja      
N. beu      
Grooming      
Escalar      
Altres 
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2- Reacció del ratolí a la ma (30 seg)                                 
 
Treure el ratolí de la caixa per la cua i col·locar-lo al palmell de la ma i observar la conducta del 
ratolí. 
Material: Full de registre, cronòmetre (Annex C2) 
Condicions de puntuació. 
1.La resposta normal es puntua com a 2.  Si l’animal no es mou i està letàrgic es puntua com a 1. 
2.Si presenta piloerecció inicial s’ha de passar la ma i aplanar el pel per veure si es manté, només 
si es manté es puntua com a piloerecció. 
3.Anotar altres alteracions que es puguin observar, en els bigotis, les orelles ...  
4.Si presenta piloerecció inicial s’ha de passar la ma i aplanar el pel per veure si es manté, només 
si es manté es puntua com a piloerecció. 




Reacció del ratolí a la ma (30 seg)                                 
 Score Grup/ratolí Grup/ratolí Grup/ratolí Grup/ratolí Grup/ratolí 
1      
2      
3      
4      
RESPOSTA 
INICIAL 
5      
1      
2      
3      
REACCIÓ A 
LA MA  
4      
1      
2      
SALIVACIÓ 
3      
1      
2      
LLAGRIMEIG 
3      
0      PILOERECIÓ 
+      
0      PELATGE/ 
+      
1      
2      
3      
TANCAMENT 
PALPEBRAL  
4      
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3- Resposta a les manipulacions  
 
Posar l’animal en un espai obert.  
Material: granota clicker, palets torundes de cotó, Full de registre (Annex C3). 
Resposta a l’aproximació:  espera fins que el ratolí es mogui i col·locar el cotó davant del seu 
nas.  
Resposta al contacte: Tocar amb un cotó un lateral preferiblement quan el ratolí s’ha aturat.  
Resposta auditiva: Mantenir el clicker per sobre del seu cap i observa les orelles que son les 




Resposta a les manipulacions 
CONDICIÓ SCORE Grup/ratolí Grup/ratolí Grup/ratolí Grup/ratolí Grup/ratolí 
1      
2      
3      
4      
Resposta 
Apropament 
5      
1      
2      
3      
4      
Resposta 
Contacte 
5      
1      
2      
3      




5      
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